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STATEMENT OF PROBLEM 

Design an e lec t romechan ica l   ac tua to r  for  the   aerodynamic   sur face   dep ic ted  
below: 

N o t e   t h a t   i n   m o v i n g   f r o m   p o s i t i o n  I t o   p o s i t i o n  2 t h e   s u r f a c e  moves rearward 
14.5" wh i l e   r o t a t i n g  40°. The  loads shown a r e   t h e  maximum encountered.  They 
o c c u r   a t   h a l f   t h e  maximum speed. I t  may be  assumed that   the  aerodynamic  loads 
va ry  l i n e a r l y   w i t h   d i s p l a c e m e n t  and  as  speed  squared. 

The surface  weighs 45 Ibs.  The maximum disp lacement   requi red  as  a   funct ion 
o f  speed i s  shown below: 

40° 

0 
I- 

30° - 
2 20° 

kj I O 0  
4 

n 

0 1  I 

0 
I 

0.5 MAX. MAXIMUM 

SPEED 



.... . . _. . , . . .. . - . .. . - ". - "" -- 

The s u r f a c e  will b e   e x c i t e d  by two command modes. The d e s i r e d   t i m e  
h i s t o r i e s  of  t h e   s u r f a c e  may be  represented  as  fo l lows 

MODE I 
(WORST CASE AT 0.5 400. 
MAXIMUM SPEED ) CORRESPONDS 

TO  LINEAR 
EXTENSION 

-MOVE  TO  NEW 
POSITION AND HOLD 

0 I .o 
TIME (SEC) 

ASSUMED  TRANSFER  FUNCTION : 400'sec FOR t 1.0 sec. 
S2 

MODE II: 
(WORST  CASE AT 0 . 5  

MAXIMUM SPEED) 

- MOMENTARY 
DEFLECTION ABOUT 
EQUILIBRIUM 
POSITION 

8 

7 
6 

5 

4 

3 

2 
I 

0 

UPON PERFORM 
OF AIRCRAFT 

0 0.1 0.2 03 0.4 0.5 0.6 0.7 

TIME (SEC) 

ASSUMED  TRANSFER FUNCTION: 

13.3O(2.3273)(S +20)  40.2(S+2.74) 
S(Si-12.8 +9.6 j ) ( S +  12.8-9.6j) (S+II)(S +30) 

ANCE 

I t   i s   d e s i r e d   t h a t   t h e   s u r f a c e   f o l l o w   t h e s e   e x c i t a t i o n s   w i t h  a f i r s t  
o rde r   l ag   no t   exceed ing  0.02 seconds, t h a t   i s ,   t h e   t r a n s f e r   f u n c t i o n  of t h e  
ac tua to r   shou ld  be capable of be ing  represented  wi th   reasonable  accuracy  by 

2 



A 
S + 5 0 '  

40 degrees . 
A = 50(system  vo I tage 1 

Pos i t i on ing   accu racy  of  %?.lo i s   d e s i r e d   f o r   a l l   s u r f a c e   d e f l e c t  
a i rspeeds. 

ions  and 

E x c i t a t i o n   i s  t o  be  removed from t h e   a c t u a t o r  when t h e   h o l d i n g   t i m e  
exceeds 4.0 seconds. The sur face   must   no t  move more  than O.Io when e x c i t a t i o n  
i s removed. 

The actuator   must   be  capable of  o p e r a t i n g   f r o m   b a t t e r y  power i n  emergencies 
w i t h   u n i m p a i r e d   e f f e c t i v e n e s s .   B a t t e r y   d r a i n   i s  t o  be a minimum ( <  2000 w a t t s  
a t  any t i i e ) .  

No mechan 

Minimum s 

S i  nce t h e  
a i r c r a f t  and a 
speed  response 

I 

c a l   r e l a y s   a r e   t o  be  employed. 

g n a l - t o - n o i s e   r a t i o   a t   a n y   n o d a l   p o i n t   i n   t h e  system i s   t o  be 6 db. 

design  approach t o  be  evolved  should be useable  on a v a r i e t y   o f  
r c r a f t   t y p e s   o r  even i n   n o n - a i r c r a f t   a p p l i c a t i o n s  where h i g h  
and r e l a t i v e l y   m a l  I motors   are  requi red,   no  deta i   led  cons ider-  

a t i o n  need  be g i v e n   t o   t h e   m e c h a n i c a l   d e s i g n  of t h e   f l a p   i t s e l f .  I t  w i l l  be 
s u f f i c i e n t  t o  assume t h a t  a p r e l i m i n a r y   s t r e s s   a n a l y s i s  has  concluded  that  
a f l a p   o f   s u f f i c i e n t   s t i f f n e s s , s t r e n g t h ,   f a t i g u e   l i f e ,   o p e r a t i n g  smoothness, 
and   ae rodynamic   e f fec t i veness   can   be   bu i l t   a t  a w e i g h t   o f  45 Ibs.  I t  may be 
n o t e d   t h a t   d e s p i t e   t h e   r e l a t i v e l y  speedy f l a p   m o t i o n   d e s i r e d ,   i n e r t i a l   a c t u a t i o n  
l oads   on   t he   f l ap   a re   l ess   t han  22 Ibs.  
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BACKGROUND 

D i r e c t  l i f t  c o n t r o l  (DLC), s t a b i l i t y   a u g m e n t a t i o n  and g u s t   a l l e v i a t i o n  
methods f o r   a i r c r a f t   a r e  becoming  more  sophist icated  wi th  each  passing  year.  
An e s s e n t i a l   f e a t u r e  of  any  such  system i s  a fas t -ac t ing ,   servo-dr iven   aero-  
dynamic  control   surface.  These  surfaces  apply  aerodynamic  forces  and moments 
t o   t h e   a i r c r a f t   a t   r a t e s  and amp I I t u d e s   f a r  beyond the   capab i  I i t y  of t h e  human 
p i l o t   w h i l e   m a i n t a i n i n g   p r e c i s e   p h a s e  a n d   a m p l i t u d e   r e l a t i o n s h i p s   w i t h   t h e  
a i r f rame  mo t ions .  

Su r face   ac tua t i on  i s  usua l l y   accomp l i shed   hyd rau l i ca l l y .  Th i s  is because 

( 1 )  i n   t h e s e   s i t u a t i o n s   t h e   s u r f a c e   i s   r o t a t e d   t h e   r e q u i r e d  25O o r  so by 
app ly ing  a l a r g e   f o r c e  t o  a s h o r t   h o r n   e x t e n d i n g   f r o m   t h e   t o r q u e   t u b e   t o   w h i c h  
t h e   c o n t r o l   s u r f a c e   s t r u c t u r e   i s   a t t a c h e d .  A h y d r a u l i c   c y l i n d e r   i s   i d e a l l y  
s u i t e d   t o   a p p l y i n g  a l a r a e   f o r c e   o v e r  a s h o r t   s t r o k e .   F u r t h e r .   t h r o u a h   t h e  
use o f   r a p i d l y   o p e n i n  
f u l l  sys tem  hydrau l i c  
eously .  

(2 )  o i  I pumps w 
means o f   t r a n s f o r m i n g  
o f   t h e   e n g i n e   o r  an  e 

a i d   c l o s i n g   v a l v e s   ( o f t e n   e l e c t r i c a l   l y - o p e r a t e d )   t h e  
p r e s s u r e   i s   a p p l i e d   t o   t h e   p i s t o n   f a c e   a l m o s t   i n s t a n t a n -  

i th   p ressu re - re1   i ev ing   bypasses   p rov ide  a v e r y   e f f i c i e n t  
power  f rom  the  low-torque,  h igh-speed  character ist ics 
e c t r i c   m o t o r   t o   t h e   h i q h - t o r q u e .   l o w - w e e d   c h a r a c t e r i s -  I 

t i c s   o f   t h e  I i nea r   ac tua to r .  The m o t o r   d r i v i n g   t h e  o i  I pump' can  be  operated 
a t   i t s  maximum power  speed w h i l e   t h e   m o t i o n   o f   t h e   a c t u a t o r   p i s t o n   i s   d e t e r -  
mined  by t h e   v o l u m e t r i c   o u t p u t   o f   t h e  pump a t   r a t e d   p r e s s u r e  and t h e   p i s t o n  
area needed t o   a p p l y   t h e   d e s i r e d   f o r c e .   S i n c e   m o s t   o i l  pumps will d e l i v e r  ex- 
cess   f l ow   quan t i t i es   a t   d i scha rge   p ressu res   l ess   t han   ra ted ,   ac tua to r   p i s ton  
speed w i l l   i n c r e a s e  somewhat a t  reduced  loads. Speed v a r i a t i o n s   w i t h   l o a d   c a n  
a l s o  be reduced  by  inc lud ing a gas -p ressu r i zed   f l u id   accumu la to r   i n   t he   sys tem.  

W i t h   s u i t a b l e   v a l v i n g ,   t h e   r e s p o n s e   o f  a h y d r a u l i c   a c t u a t o r   t o  a s tep  
i n c r e a s e   i n   c y l i n d e r   p r e s s u r e   i s   s i m i l a r  t o  t h a t   o f  a spring-damper  system 
w i t h  a t i m e   c o n s t a n t   o f  0.02 seconds o r   l e s s .   D e v i c e s   o f   t h i s   t y p e   a r e   f o u n d  
i n  modern m i l i t a r y   a i r c r a f t .  

I n   c o n s i d e r i n g   t h e   a p p l i c a t i o n   o f   s t a b i l i t y   a u g m e n t a t i o n  and g u s t   a l l e -  
v i a t i o n   d e v i c e s   t o   s m a l l ,   s i n g l e - e n g i n e   a i r c r a f t ,  it became e v i d e n t   t h a t  one 
wou I d  a I so I i ke t o  have t h i s   l e v e  I o f   con t ro l   su r face   respons iveness  (T < 
0.02  seconds) f o r   t h e s e   a i r c r a f t .   F u r t h e r ,   t o   p r o v i d e   t h e   d e g r e e   o f   a l   l e v i a -  
t i on   des i red ,   su r faces   o f   h igh   ae rodynamic   e f fec t i veness   such   as   f u l l - span ,  
30% chord  Fowler  f laps  on  the  wings  would  be  required.  With a wing  chord of 
48" such a f lap   must   ex tend  rearward   about  14.5" and r o t a t e  40° for  maximum 
e f f e c t i v e n e s s .  To s a t i s f y   t h e   r e q u i r e m e n t s   o f   t h e   a l l e v i a t i o n   s y s t e m   b e i n g  
c o n s i d e r e d   t h e   f l a p s  must be  capable of moving  from f u l l   r e t r a c t i o n  to f u l  I 
e x t e n s i o n   i n  1.0 second  and o f   e x t e n d i n g  8 O  a b o u t   a n   e q u i l i b r i u m   p o s i t i o n  
w i t h i n  0.2  second  and r e t u r n   w i t h i n  0.4 second. 
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Maximum a i r  loads   occur  when t h e   f l a p   i s   f u l l y  extended  and  the  a i rspeed 
a  maximum. I t  was c a l c u l a t e d   t h a t  for  t h e   i n t e n d e d   a p p l i c a t i o n ,   t h e   h i g h e s t  
a i rspeed fo r  which f u l l   f l a p   e x t e n s i o n   w o u l d  be r e q u i r e d  was 114 f t / s e c .  A t  
h igher   speeds,   the maximum calcu lated  loads  were  less  because  the maximum 
r e q u i r e d   f l a p   e x t e n s i o n  was less.  The g r a d i e n t - - a i r   l o a d   p e r   u n i t   f l a p   e x t e n -  
sion--however  increases  as  ai  rspeed  squared. 

S i n c e   l i g h t   a i r c r a f t  do  not   normal ly   have  hydraul ic   systems,  i t  was f e l t  
t h a t  a severe  maintenance  burden  would  be  introduced  by so equ ipp ing   such   a i r -  
c r a f t .  I t  was t h e r e f o r e   d e c i d e d   t o   a t t e m p t   t o   d e s i g n  an e l e c t r i c a l   f l a p  ac- 
t u a t o r .   I t  was a l s o   f e l t   t h a t  i t  would be e a s i e r  t o  p rov ide   i nd i v idua l   e lemen t  
backup/ redundancy   w i th   an   e lec t r i ca l   sys tem  and  tha t   the   to ta l   sys tem  we igh t ,  
inc lud ing   backup/ redundancy   e lements ,   m igh t   be   l igh ter   than  an   equ iva len t  
mechanical means o f   e x t e n d i n g  a f u l l  span   Fow le r   f l ap   accu ra te l y  t o  any  des i red 
p o s i t i o n ,   w i t h   t h e   r e q u i r e d  speed,  and a g a i n s t   a l l   a i r l o a d s   e n c o u n t e r e d   i n  
f l i g h t .   E l e c t r i c a l l y ,   t h e   a c t u a t o r   s h o u l d  be  capable  o f   be ing  modeled  by  the 
t r a n s f e r   f u n c t i o n  

s h a f t   p o s i t i o n  - G A I N  
i n p u t   v o l t a g e  0.02s + 1 * 
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DESIGN PHILOSOPHY 

Cons ide r   f o r  a  moment t h e   f o r c e s  and moments r e q u i r e d  t o  e x t e n d   o r   r e -  
t r a c t  and r o t a t e  a F o w l e r   f l a p .   F o r   t h e   s i t u a t i o n   u n d e r   c o n s i d e r a t i o n  a 
moment o f  150 f t - l b s .   i s   r e q u i r e d   t o   r o t a t e   t h e   f l a p   a b o u t  i t s  leading  edge. 
An a d d i t i o n a l   f o r c e  of 252 Ibs. i s   r e q u i r e d   t o   t r a n s l a t e   t h e   f l a p   a g a i n s t  
i t s  chordwise  force.   Note  that  a h inge  po int   22.5"   be low  the  leading  edge 
o f   t h e   f l a p   w o u l d   p e r m i t  a s i m p l e   r o t a t i o n  t o  a c c o m p l i s h   t h e   r e q u i r e d   f l a p  
mot ion.  The torque  about   such a h inge  would  be  323  f t - lbs.  

I t   i s   e v i d e n t   t h e r e f o r e   t h a t   a i r c r a f t   e l e c t r i c a l   m o t o r s   w i t h   t h e i r   t o r q u e  
l e v e l s   o f  I f t - l b .   o r   l e s s   m u s t  be  geared down by a f a c t o r  of perhaps 600 t o  
s e r v e   i n   t h i s   a p p l i c a t i o n .  A s i m p l e   c a l c u l a t i o n  wi l l  show t h a t  i t  i s   q u e s t i o n -  
ab l e   w h e t h e r   t h e   f l a p  cou I d  be r o t a t e d   i n   t h e   t i m e   r e q u i   r e d   w i t h  a motor  oper-  
a t i n g   a t  4,000 rpm. I t  was d e c i d e d   t h e r e f o r e   t h a t   t h e   f l a p   e x t e n s i o n  and  de- 
f l e c t i o n   s h o u l d  be c o n t r o l l e d  by t w o   t r a c k s   w i t h   t h e   t r a c k s   t a k i n g   a s  much of  
t he   l oad   as   poss ib le .  The tracks  would  be  mounted t o   t h e   r e a r   s p a r  and  remain 
f i x e d   t o   r e d u c e   t h e   m o t i o n a  I i n e r t i a .  

To reduce  motor   s ize and c o s t  i t  was determined t o  seek t o  keep motor 
horsepower   ra t ing  t o  no  more  than  twice  the maximum power   requ i red   a t   any  
p o i n t   d u r i n g   t h e   f l a p   d e p l o y m e n t .  

To insure  long  motor  l i fe ,  a des ign   ob jec t ive   wou ld  be t o  remove v o l t a g e  
f rom the   mo to r   du r ing   pe r iods  when f l a p   m o t i o n  was no t   requ i   red .  The f l ap  
may b e   r e q u i r e d   t o   r e m a i n   i n  an  extended  posit ion,  however. 

S i m p l i f i e d   a n a l y s e s   i n d i c a t e d   t h a t  some advantage  could  be  gained i n  
o p e r a t i n g   t h e   m o t o r   i n   t h e   o f f - o n  mode. The d i f f i c u l t y   i n   o b t a i n i n g   p r e c i s e  
p o s i t i o n i n g   ( f l a p   p o s i t i o n i n g   a c c u r a c y   a p p r o a c h i n g  O.Io was d e s i r e d ) ,   t h e  
d i f f i c u l t y   i n   p e r f o r m i n g   a n a l y s e s   o f   t h e   s y s t e m   d y n a m i c s ,  and t h e   h i g h e r   e l e c -  
t r i c a l   s t r e s s e s   i n v o l v e d   w i t h   t h i s  mode l e d   t o   t h e   d e c i s i o n   t o   d e s i g n   t h e  
system  as a l i n e a r   f o l l o w e r .   S i n c e   m o t o r   c h a r a c t e r i s t i c s   a r e   n o t   l i n e a r   a t  
s i g n i f i c a n t l y   l o w e r   t h a n   r a t e d   v o l t a g e s  and s i n c e   s y s t e m   f r i c t i o n   a d v e r s e l y  
a f f e c t s   p o s i t i o n i n g   a c c u r a c y   i n   l i n e a r   s y s t e m s ,   p r o v i s i o n s   t o   a c c o u n t  for  
t h e s e   e f f e c t s  were  desi  red. 

Opera t ion   f rom a grounded  center   tap  60 v o l t  D.C. supply  was des i red .  
Such a vo l tage   wou ld   pe rm i t   t he   use   o f  28 v o l t  D.C. motors  capable of  bo th  
f l a p   e x t e n s i o n  and r e t r a c t i o n   w i t h o u t   r e s o r t   t o   d o u b l e   p o l e   s w i t c h e s .  I t  
would a l s o   p e r m i t   t h e   o p e r a t i o n  of s t a n d a r d   a i r c r a f t   s y s t e m s  and  would  provide 
fo r  b i a s i n g   f l e x i b i l i t y   i n   t h e   d e s i g n   o f   c o n t r o l   c i r c u i t s .   I n c l u s i o n   o f  
r e l a y s  and mechan ica l   sw i t ch ing   dev i ces   i n   t he   des ign  was no t   des i red   on  
r e l i a b i l i t y  grounds. 
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MECHANICAL DESIGN 

By m o u n t i n g   t h e   f l a p   i n   t r a c k s - - F i g u r e  I d e p i c t s  a poss ib le   layout- -one 
can  reduce t h e   a c t u a t i o n   l o a d s  t o  c o m p a r a t i v e l y   s m a l l   v a l u e s .   I n i t i a l   s t u d i e s  
i n d i c a t e d   t h a t   t h e  maximum ac tua tor   load   due  to   aerodynamic   fo rces   wou ld   be  
92 I bs. A va I ue of IO0 I bs  was t h e r e f o r e   s e l e c t e d   a s  a design  maxi mum t o  
a c c o u n t   f o r   s t a t i c   f r i c t i o n  and c a l c u l a t i o n   i n a c c u r a c i e s .   T h i s   l o a d i n g   o c c u r s  
a t  maximum f l a p   d e f l e c t i o n  (40°) and a dynamic  pressure of 15 I b s / f t 2 .  

D u r i  ng t h e   t a k e  o f f  run  the  dynamic  pressure i s  much less   and   t he   requ i   red  
d e f l e c t i o n   o n l y   a b o u t  30'. A t  t h e  maximum forward  speed for  t h e   a i r c r a f t   t h e  
dynamic  pressure i s  60 I b s / f t 2   b u t   t h e   r e q u i r e d   f l a p   d e f l e c t i o n s  do n o t  exceed 
5 O .  The absol  Ute  va I ues o f   t h e   a c t u a t o r   l o a d s   t h e r e f o r e   v a r y   s u b s t a n t i a  I l y  
w i t h  f I i g h t   c o n d i t i o n s .  

The l o a d   p e r   u n i t   f l a p   d e f l e c t i o n ,  however, var ies  even  more  wide ly .  
Dur ing   t ake  o f f ,  i t  i s  near  zero.  A t  a dynamic  3ressure of 15 I b s / f t 2  i t  i s  
2.5 I bs/O and a t  a dynamic  pressure of  60 I b s / f t  i t  i s  IO I bs/O. I t  may be 
n o t e d   t h a t   t h i s   c o m b i n a t i o n  of l oads   and  load   g rad ien ts   p resent   very   severe  
e lec t r i ca l   des ign   p rob lems  as  w i l  I become ev ident   be low.  

The f l ap   t rack   a r rangement  shown i n   F i g u r e  I p e r m i t s   t h e   a c t u a t i o n   o f  
t h e   f l a p   t o  b e   c a r r i e d   o u t   a l o n g  a s t r a i g h t   l i n e .  Hence, by   connect ing   the  
a c t u a t o r   r o d   t o   t h e   f l a p   s t r u c t u r e   w i t h  a  ba I I j o i n t   t h e   a c t u a t o r  may be  mounted 
r i g i d l y   t o   t h e   w i n g   s t r u c t u r e   w i t h o u t   i n c u r i n g   b e n d i n g  moments o n   t h e   a c t u a t o r  
rod. 

Because of  the   long   th row  invo lved  and  the   need ( t o  be  shown l a t e r )  t o  
k e e p   m o t i o n a l   i n e r t i a   a n d   s t a t i c   f r i c t i o n  t o  an abso lu te  minimum, an acme screw 
d r i ven   by  a ba I I n u t  was used  as t h e   a c t u a t o r   r o d .  The  lead  desi  red, I /2"  
p e r   r e v o l u t i o n ,   d i c t a t e d   t h e   u s e  of a 5 / 8 "  diameter  screw,  which i s  more  than 
adequate t o   c a r r y   t h e   a x i a l   l o a d s   i n v o l v e d .  

S e l e c t i o n  of t h e  rema i nder of  t h e   n u t - t o - m o t o r   g e a r   t r a i  n e n t a i  1 s matching 

( 1 )  t h e  power r e q u i r e d  t o  d i s p l a c e   t h e   l o a d   w i t h  

( 2 )   t h e   t o r q u e - s p e e d   c h a r a c t e r i s t i c s  of  t h e   m o t o r .  

The maximum power r e q u i r e d   i s   e a s i   l y   e s t i m a t e d   b y   a s s u m i n g   t h a t  a loo# f o r c e  
must   be  d isp laced  through 14.5'' i n  one  second.   Th is   y ie lds 0.22 hp .   Typ ica l l y ,  
D.C. m o t o r s   u s e d   o n   a i r c r a f t   e x h i b i t   t h e i r   p e a k  power o u t p u t   a t  a speed of  
about 4,000 rpm. .The i r   t o rque   i nc reases   a lmos t   l i nea r l y   as   t he   speed  i s  re -  
duced, b e i n g   a b o u t   t w i c e   t h e  4,000 rpm v a l u e   a t   s t a l  I .  To p e r m i t   t h e  motor 
t o   a c c e l e r a t e  t o  i t s  maxi mum power  speed, t h e  motor t o r q u e   r e q u i   r e d   a t   a n y  
f l a p   d e f l e c t i o n   m u s t   n o t   e x c e e d   t h e   h a l f - s t a l l   v a l u e .  The maximum a c t u a t o r  
load of  loo# mus t   be   t rans fo rmed   by   t he   gea r ing  t o  a to rque   accep tab le  t o  
t h e   m t o r .  Gear i n e f f i c i e n c i e s   a n d   f r i c t i o n   a p p e a r   a s   i n c r e a s e s   i n   t h e   t o r q u e  
requi   red.  

9 



The smal lest   motor   which i s  capable of  d e f l e c t i n g   t h e   f l a p   a t   t h e   r e q u i r e d  
rate  must  be  geared so t h a t  it w i l l  develop i t s  maximum power a t  maximum load. 
I f t h e  power  peak  occurs a t  4 I25 rpm, the  motor  must  deve I op 4 i n-l bs of t o r q u e  
a t   t h i s  speed t o   o b t a i n  0.25 hp. A n u t   o p e r a t i n g   o n  a screw  w i th  a 1/2" lead 
w i  I I r e q u i r e  a minimum t o r q u e   o f   a b o u t  8 i n - l   b s   t o   e n a b l e   t h e   s c r e w   t o   e x e r t  
loo# of f o r c e .  The m t o r  m u s t   t h e r e f o r e   t u r n   t w i c e  as f a s t  a s   t h e   n u t  and 
must make 5 8   r e v o l u t i o n s   i n   m o v i n g   t h e   f l a p   f r o m   o n e   s t o p   t o   t h e   o t h e r .  To 
a c c o m p l i s h   t h i s   t h e   m o t o r   m u s t   r u n   a t  an average  speed o f  3480 rpm. Very 
l i t t l e   t i m e   i s   t h e r e f o r e   a v a i l a b l e   f o r   a c c e l e r a t i o n  and  dece le ra t ion .  

M o t o r   a c c e l e r a t i o n   i s   d e t e r m i n e d   b y   t h e   r a t i o   o f   t h e   e x c e s s   t o r q u e - -  
ava i l a b   l e   t o r q u e  m i  nus load  to rque- - to   the   sys tem moment o f   i ne r t i a .   as   seen  
a t   t h e   m o t o r   a r m a t u r e .  The a r m a t u r e   f o r   t h i s   s i z e  and t y p e   o f   m o t o r   t y p i c a l l y  
has a  moment o f   i n e r t i a   o f  I t o  1.5 x  10-5 s l u g - f t 2 .  The f l a p  mass was c a l -  
c u l a t e d   t o  be 1.3 s lugs .  The e f f e c t i v e  moment o f   i n e r t i a   o f   t h e   f l a p  mass 
a t   t h e   m o t o r  was c a l c u l a t e d   t o   b e  

150 x . 2 
(Gear   ra t io )?  

The 5/8"  diameter, 1/2" lead  screw  has an e f f e c t i v e   g e a r   r a t i o   o f  4. Thus 
the   ove ra l  I g e a r   r a t i o   i s  8.  The  average  excess  torque i s  2 i n - l b s .  Thus 
the   average  angu lar   acce le ra t ion  may be  as  great  as 4,000 rad/sec*.   Acceler-  
a t i o n   t i m e   i s   t h u s   a b o u t  0.1 sec .   Dece lera t ion   t ime  wou ld   be   s im i la r .  The 
average  speed wou I d   t h e r e f o r e  be  3700 rpm. 

T h i s   i s ,   o f   c o u r s e ,  a v e r y   i d e a l i z e d   c a l c u l a t i o n .  The i n e r t i a   o f   t h e  
g e a r   t r a i n  was n o t   i n c l u d e d   a n d   t h e  minimum' v a l u e  of t h e   a r m a t u r e   i n e r t i a  
was assumed. A I so, the  average  excess  torque  avai  I ab1  e i s   l e s s   t h a n   t h e   a r i   t h -  
met ic  mean between t h e   s t a l  I torque  minus  the  load  torque  and  zero  excess 
torque  near  maximum power  speed. This   is   because  the  motor   spends  more  t ime 
near maximum power  speed,  where t h e r e   i s   l i t t l e  excess   t o rque ,   t han   nea r   s ta l l .  
These c o n s i d e r a t i o n s   l e a d   o n e   t o   c o n c l u d e   t h a t  a more powerfu l   motor   probably  
must  be  used. 

A mo to r   o f   tw i ce   t he   t o rque   (and   power )   wou ld   requ i re  a g e a r   r a t i o  o f  4 
and  on ly  29  r e v o l   u t i o n s  to def I e c t   t h e  f I ap f u  I ly .   the  average  speed  requi   red 
i s   t h e n   o n l y  1740 rpm. The a v e r a g e   a n g u l a r   a c c e l e r a t i o n   c a l c u l a t e d   o n   t h e  
same bas i s  as   be fore   i s   on ly   about   3400  rad /sec*   because of  t h e   g r e a t e r   r e f  I ec- 
t e d   i n e r t i a .  The average  speed i s  about 1850  rpm g rea te r   t han   requ i red ,  a mar- 
g in   wh ich   pe rm i t s ' t he   use   o f   vo l tage   f eedback ,   ope ra t i on   as  a l i n e a r   f o l   l o w e r  
w i t h  a f i r s t  o r d e r  I ag,  and t h e   u s e   o f   f i n i t e  i n e r t i  as i n t h e   g e a r   s e t .  A 
1/2 hp s p l i t   s e r i e s   f i e l d  D.C. motor was there fore   chosen as t h e   b a s i s   f o r  
f u r t h e r   d e s i g n .  An o v e r a l l   g e a r   r a t i o   o f  5  was s e l e c t e d   t o   a l l o w   f o r   g e a r  
and t r a c k   f r i c t i o n   l o s s e s  and t o  r e d u c e   t h e   r e f l e c t e d   i n e r t i a  somewhat. A 
spur   gear   w i th  a d iameter  S I  i g h t l y   l a r g e r   t h a n   t h e   b a l  I n u t   i s   t o  be at tached 
t o   t h e   b a l l   n u t .  The d iameter  was minimized t o  r e d u c e   g e a r   s e t   i n e r t i a .  An 
id le r   gear   p rov ides   the   necessary   spac ing   be tween  the   ba l  I n u t  and t h e   d r i v e  
gear   on   the  motor s h a f t .  The p i t c h   d i a m e t e r  of  t h e   g e a r   o n   t h e  motor s h a f t  
i s  83% o f   t h e   p i t c h   d i a m e t e r   o f   t h e   g e a r   o n   t h e   b a l l   n u t .  
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A s e c o n d   b u t   l i g h t - w e i g h t   g e a r   i s   a l s o   d r i v e n  from the   motor   gear .   Hav ing  
3.5 t i m e s   t h e   d i a m e t e r   o f   t h e   m o t o r   g e a r ,  i t  o p e r a t e s   t h e   s h a f t   p o s i t i o n ,  
sha f t   ve loc i t y ,   and   sha f t   acce le ra t i on*   senso rs   wh ich   se rve   t he   f eedback   c i r cu i t s .  

F i g u r e  2 shows a p o s s i b l e   l a y o u t  o f  the   mechan ica l   e lements   o f   the   d r ive  
s y s t e m ,   A l s o   i n d i c a t e d   o n   t h e   f i g u r e   a r e   a n   o v e r r u n n i n g   c l u t c h  and b rake   a t -  
t a c h e d   t o   t h e   b a l  I n u t  and a s o l e n o i d  for  d isengaging  the  main  dr ive  motor   and 
engaging a low power  backup. A d i s c u s s i o n  o f  t h e   l a t e r   s y s t e m   i s  beyond t h e  
scope of the   p resent   work .  The ove r runn ing   c I   u t ch   and   b rake   p rov ide   t he   cap -  
a b i l i t y  o f  removing  power from t h e   m o t o r   w h i l e   t h e   f l a p   i s   b e i n g   h e l d   i n   p o s i -  
t i on   aga ins t   t he   b rake   by   ae rodynamic   f o rces .   Fo r   ex tens ion ,   t he   c lu t ch   ove r -  
r u n s   a n d   t h e   b r a k e   r e l e a s e   s o l e n o i d   i s   n o t   a c t i v a t e d .   F o r   r e t r a c t i o n ,   t h e  
b r a k e   i s   r e l e a s e d   a n d   t h e   c l u t c h   h o u s i n g   r o t a t e s .  T h e   m o t i o n a l   i n e r t i a   i s  
thus  a minimum when t h e   m o t o r   i s   w o r k i n g   a g a i n s t  a load  and somewhat h i g h e r  
when t h e   l o a d   t e n d s   t o   h e l p   d r i v e   t h e  motor. While  complex, t h i s   c l u t c h - b r a k e  
arrangement was found t o  o f f e r   b o t h   l o w e r   i n e r t i a   a n d   l o w e r   f r i c t i o n a l   t o r q u e s  
than i r r e v i   s i b l e  worm-worm gear   se ts .  

* A des ign   f o r   such  a sensor i s   g i v e n   i n   A p p e n d i x  I. 
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ELECTRICAL DESIGN 

Anaiy t . i ca i  ". . ~. Representa t ion  of Motor  and  Load 

The manufacturer 's   torque-speed  and  torque-current   curves  for   the  motor  
s e l e c t e d   a r e  shown i n   F l g u r e  3 for  28 v o l t   i n p u t .   M o t o r   c h a r a c t e r i s t i c s   a t  
lower   supp ly   vo l tages   were   no t   ava i lab le .  These da ta   were   l inear ized   and  the  
r e s u l t s   a r e  shown, a l o n g   w i t h   r e s i s t a n c e  and l n e r t i a l   d a t a   i n   F i g u r e  4. For  
purposes o f  a n a l y s i s  it was assumed t h a t  

( I 1 a t  any g iven  motor   speed  torque  var ies I i n e a r l y   w i t h   v o l t a g e  

(2)  f o r  a f i x e d   v o l t a g e   t o r q u e   v a r i e s   i n v e r s e l y   w i t h   s p e e d   i n  a 
I inear   fash ion  

( 3 )  c u r r e n t   v a r i e s   l i n e a r l y   w i t h   t o r q u e  

( 4 )  RL t i m e   c o n s t a n t s   a r e   s u f f i c i e n t l y   s m a l l   t o  be  considered  zero 

( 5 )  t h e   l o a d   g r a d i e n t   f o r   a n y   a i r s p e e d   i s   c o n s t a n t   w i t h   f l a p   d e f l e c t i o n  

( 6 )  windage  and  bear ing  losses  in   the  motor   are  zero 

( 7 )  w i n d i n g   r e s i s t a n c e   d u r i n g   o p e r a t i o n  was c o n s t a n t   a t  a va lue  
between t h e   n o   c u r r e n t   v a l u e   a n d   t h e   s t a l l   c u r r e n t   v a l u e .  

The motor - load  combina t ion   i s   then  represented   by   the   equat ion  .. 
T - T ~  = J B  .. 

where 8 i s   t h e   m o t o r   s h a f t   a c c e l e r a t i o n  

T i s   t h e   g e n e r a t e d   t o r q u e  

TL i s   t h e   l o a d   t o r q u e  

and J i s   t h e  momen-t o f   i n e r t i a .  

But 

and 

TL = T(e 

T = K i  

e - k4B 

R e = K4B + R i  o r  i = 
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where ’ii i s  t h e   l o a d   g r a d i e n t  

K i s   t h e   m o t o r   t o r q u e   c o n s t a n t  

i i s   t h e   m o t o r   c u r r e n t  ( i t  f l o w s   t h r o u g h   b o t h   f i e l d  and  a rmature   in  
t h i s   d e s i g n   s i n c e  i t  i s  a s p l i t - f i e l d   s e r i e s  motor) 

K4 i s   t h e  back emf cons tan t  

R i s   t h e  sum o f   t h e   a r m a t u r e   r e s i s t a n c e  and ha I f t h e   f i e   I d   r e s i s t a n c e .  

By s u b s t i t u t i n g   e q u a t i o n s  (21, (31, and ( 4 )  i n t o  ( I ) ,  one   ob ta ins  

e - K48 - ” 

K R  -KB = J 8  

o r  

K - e  = J 8  + -  
R  R 

I n   t h e  Lap lace domai n t h i s  becomes 

e ( s )  - K/RJ 
” 

e ( s )  KK4 
- 

s + -  K 
RJ S + -  J 

The mechanical  design i n  which t h i s   m o t o r *   i s  used w i l l  a f f e c t   o n l y   t h e   v a l u e s  
of R and J .  Note,  however, t h a t   i n c r e a s e s   i n   s y s t e m   i n e r t i a   r e d u c e   b o t h   t h e  
t r a n s f e r   f u n c t i o n   g a i n   a n d   i t s  damping  and a r e   t h u s  much more s i g n i f i c a n t  
t h a n   i n c r e a s e s   i n   s t a t i c   f r i c t i o n   w h i c h   a f f e c t s   o n l y   t h e   v a l u e   o f  K. 

F o r   t h e   g e a r i n g   s e l e c t e d  and  aerodynamic  loading  encountered,  the  val ue 
o f  w i  I I vary  from z e r o   t o   a b o u t  .015 f t - l b s / r a d i a n .  The ‘ f u l  I 220 rad ian  
mo to r   sha f t   d i sp lacemen t   i s   requ i red  up t o  a T ( o f  ,00375. For   h igher   va lues ,  
t h e   p r o d u c t   o f  K and t h e  maximum d isp lacemen t   requ i red   i s   app rox ima te l y   cons tan t .  
Tota I s y s t e m   i n e r t i a   a s   s e e n   b y   t h e   a r m a t u r e   f o r   t h i s   g e a r i n g  was c a l c u l a t e d  
t o  be  8.8 x f t - lb -sec2.  K/J f o r   t h e   s y s t e m   t h e r e f o r e   v a r i e s  from zero 
t o  168. Wi th   the   o ther   parameter  va I ues  f rom  F igure 4, 

* By i t s e l f   t h e   m o t o r   i s   r e p r e s e n t e d   b y   t h e   t r a n s f e r   f u n c t i o n  - =  
e 2100 
e S ( S  + 70.2) 
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” 0 -  726 
e S2 + 24.2 S + K/J 

(7  1 

i n a t  g ives   the   numer ica l   va lues  for  t h e   t r a n s f e r   f u n c t i o n   o f   t h e   m o t o r - l o a d  comb ion. 

System D e f i c i e n c i e s  

0max = 220 radians  and emax = 2 8   v o l t s .  Thus, t he   s teady -s ta te   ga in   mus t  
be  7.857 fo r  K/J o f  42 o r  I ess. To ach ieve   t h i s ,   t he   mo to r   ga in  may be  reduced 
o r  feedback  employed t o  make t h e   v a l u e   o f   t h e   p o s i t i o n a l   t e r m   e q u a l  t o  92. 
For ‘iT/J less   than 42 the   feedback   must   be   inc reased  accord ing ly   o r  a I imit s w i t c h  
p Ius  shock  absorber  must be used t o  ha I t   t h e   f l a p   a t   t h e  end o f  t h e   t r a c k .  
F o r  K/J > 42, a decrease i n  D.C. g a i n   w i t h   l o a d   i s   a c c e p t a b l e ,   a t   l e a s t   f o r  
Mode I o p e r a t i o n :   m t i o n   f r o m   o n e   e q u i l i b r i u m   p o s i t i o n   t o   a n o t h e r .  Whether 
it i s   a l s o   a c c e p t a b l e   f o r  Mode I I  opera t ion- -a   pu lse   about  an e q u i l i b r i u m  
pos i t ion- -must   be   de termined  by   ca lcu la t ion .  

I t  w i l l  be  noted,  however, t h a t  i f  c o n s t a n t   p o s i t i o n a l   f e e d b a c k   i s  employed-- 
say (50/726)0-- t h e n   t h e   v a l u e   o f   t h e   p o s i t i o n a l   t e r m   f o r  ‘iT/J >94 i s   s u f f i c i e n t  
t o  cause t h e   s y s t e m   t o   o s c i l l a t e .  The c o n d i t i o n  may b e   c o r r e c t e d   w i t h   r a t e  
feedback, a  va I ue of ( 6 / 7 2 6  ) 6  bei  ng  requ i red.  

Examinat ion of t h e   p o l e s   o f  +he t r a n s f e r   f u n c t i o n   w i t h   t h e s e   a m u n t s  of 
f e e d b a c k   r e v e a l s   t h a t   f o r   a l l   e x c e p t   t h e   v e r y   h i g h e s t   l o a d s ,   o n e  o f  t h e  two 
p o l e s   l i e s   o n   o r   n e a r   t h e   o r i g i n .   S i n c e  a motor  response  resembl ing 

8 -  A 
e S + 5 0  
” - 

was des i   red ,   the   sys tem  dynamics   w i th   th is   t ype  of feedback  would  be  c lear ly  
u n s a t i s f a c t o r y .  As a minimum, it would  be  necessary t o  move b o t h   r o o t s   t o  
the  neighborhood o f  -50  on the  S-plane whi l e   keep ing   t he   ga in   f o r   F /J<42=7 .857 .  

I n   o r d e r   t o   m v e   t h e   r o o t s   t o   t h e   l e f t  and s t i  I I p r e s e r v e   t h e  D.C. ga in,  
i t  i s  necessary t o  inc rease  the   fo rward   loop   ga in  of the  system, One  may n o t  
s i m p l y   a m p l i f y   t h e   i n p u t   s i g n a l   t o   a c h i e v e   t h i s ;   t h e   s t e a d y   s t a t e   v o l t a g e  
i n t o   t h e   m o t o r   w o u l d   t h e n   r e a c h   2 8   v o l t s  for  f I ap def I e c t i  on  comnands much 
less   than 40’. One can,  however, t a k e   a d v a n t a g e   o f   t h e   f a c t   t h a t  i n  Mode I1 
o p e r a t i o n   t h e   f l a p   i s   n e v e r  commanded t o  move more  than  about 8O from  equi  I i b -  
r ium.   In  Mode I opera t i on ,   where   t i : e   f u l  I de f l ec t i on   m i ,gh t   be  commanded, 
t h e   v o l t a g e   i n p u t   r a t e  w i l l  no t   exceed  28   vo l ts /sec .  Thus, i f  one  were t o  
a m p l i f y   o n l y   t h e   t r a n s i e n t   p o r t i o n s  of t h e   s i g n a l   w h i l e   m a i n t a i n i n g   t h e  same 
D.C. ga in ,   the   des i red   resu l t   wou ld   be   ach ieved.  

- 

The fol lowing s e c t i o n s   d e t a i l   t h e  means b y   w h i c h   t h i s  was accompl ished 
as   we l l   as   o ther   s teps   wh ich   were   taken t o  b r i n g   t h e  motor c h a r a c t e r i s t i c s  

K/J . - t o   t h e   r e q u i r e d  dynamic  condi t ion  and D.C. g a i n  fo r  a l l   e x p e c t e d   v a l u e s  o f  
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F i r s t  LOOD 

To i n s u r e   t h a t   t h e  motor will n o t   o s c i l l a t e   a s   t h e   l o a d  i s  var ied ,  a smal l  
amount of ra . te   , f eedback   f rom  T1   i s  emp toyed as shown i n   F i g u r e  5. The g a i n  
va lue  f i n a  I l y  chosen,  5.8/726, was found t o  produce  the k s t  I inear   mvement  
of t h e   i n n e r m s t   p o l e   w i t h   v a r i a t i o n s   i n  K/J. 

The use o f  t h i s   r a t e   l o o p   p e r m i t s   t h e   m o t o r  t o  be  represented  by  the 
t r a n s f e r   f u n c t i o n  

" 0 -  726 
e (S2 + 30 S + R/J) 

Th is  may be  compared w i t h   t h e   t r a n s f e r   f u n c t i o n   w i t h   n o   f e e d b a c k   g i v e n   b y  
equa t ion   (7 ) .  

Forward  ComDensator 

A I ead c i  r c u i  t of t h e   t y p e  

5(S + a )  
S + (5a + 0.1) ' 

placed  ahead of t he   mo to r  as  represented  by 

has t h e   e f f e c t  of  speeding up the  system  dynamics  wi thout  a l t e r i n g   t h e  D.C. 
va I ues. A g a i n   o f  S was chosen t o   t a k e  advantage of  . t h e   f a c t   t h a t  i n Mode 
o p e r a t i o n   t h e  maximum f l a p   d e f l e c t i o n  command v a l u e   i s  8' f r o m   e q u i l i b r i u m  
(1/5 o f  a maximum 40') w h i l e   i n  Mode 1 o D e r a t i o n   t h e   i n D u t   t r a n s i e n t s   a r e  
s u f f i c i e n t l y   s l o w   t h a t   t h i s   i n c r e a s e d   h i g h   f r e q u e n c y   g a ' i n  w i  I I n o t  be u t i   l i z e d .  

To make t h i s   t y p e  of  dynamic  enhancement e f f e c t i v e ,  i t  i s  necessary   tha t  
the   compensator   zero   have  subs tan t ia l l y   the  same va lue   as   t he   i nne rmos t   po le  
f o r   a l  I va I ues o f  K/J. F igu re  6  shows t h e   r e q u i r e d   v a l  ue o f   " a 1 "  as  a f u n c t i o n  
o f  K/J a l o n g   w i t h   a n   a n a l y t i c a l   r e p r e s e n t a t i o n   o f   t h i s   v a r i a t i o n .  The l a t t e r  
was u s e d   a s   t h e   b a s i s   f o r   f u r t h e r   a n a l y s i s   a n d   t o   d e s i g n   t h e   c i r c u i t   t o   p r o -  
duce "a1', g i v e n   t h e  va I ues o f  K/J . D i s c u s s i o n   o f   t h e  means by  which K/J i s  
measured i s   d e f e r r e d   u n t i  I l a t e r .  

W i t h   t h i s   f o r w a r d   c o m p e n s a t o r   t h e   m o t o r   i s  now rep resen ted   by   t he   t rans fe r  
f u n c t i o n  

3630(S + a )  

[S + (5a + .l)][S + a'][S + b] 
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Adaptive,  Gain-Scheduled,  Rate and P o s i t i o n  Feed-f3acR'Loops 

With a mo to r   ga in  of 3630, the  feedback  should  be so a d j u s t e d   t h a t  
t h e   v a l u e   o f   t h e   p o s i t i o n a l   t e r m   f o r m e d   b y   t h e  two e f f e c t i v e   p o l e s *   i s -  
460.  The D.C. g a i n   t h e n   h a s   t h e   r e q u i r e d   v a l u e  of 7.857. T h i s   v a l u e  
must  be ma i n t a  i ned f o r  K/J < 42. For  K/J > '42   the   va  I ue o f   t h e   p o s i t   l o n a  I 
te rm may increase  monatomica 1 I y such t h a t   a t  W J  = 168 it i s  no  more than  
1840.  The r a t e   t e r m   s h o u l d  be such t h a t   t h e   s y s t e m   i s   n e a r   o s c i l l a t i o n .   i n  
o r d e r   t h a t   b o t h   r o o t s  be  as f a r  t o  t h e   l e f t  a s   p o s s i b l e .   W i t h   t h e   p o s i t i o n a l  
term  equal  t o  460, the   roo ts   can   be   loca ted   a round -20 and  -23 on  the  S-plane. 

I t  will be  observed,  however, t h a t  even i f  the  compensator  zero  a lways 
negates   the   innermost   po le ,   the   remain ing   roo ts  will s t i l l  move apprec iab l y  
w i t h  changes i n  load.  Further,  t o  employ  feedback t o   h o l d   t h e  maximum f l a p  
e x t e n s i o n   t o  40' d e s p i t e   t h e s e   v a r i a t i o n s   i n   l o a d  it i s  necessary t o  sched- 
u l e   t h e   f e e d b a c k   g a i n   a c c o r d i n g   t o  a  measurement o f  K/J o r   t o  app I y so much 
feedback t h a t   t h e   l o a d   v a r i a t i o n  will be impercept ib le   in   compar ison .  Un- 
f o r t u n a t e l y ,  even w i th   t he   f o rward   compensa to r   t oo  much gain  must  be  sac- 
r i f i c e d   t o   t a k e   t h e   l a t t e r   r o u t e .  I f  the  pos i t ional   feedback  ga in  must   be 
scheduled  according t o  the   pe rce i ved   va lues   o f  K/J then so m u s t   t h e   r a t e  
f e e d b a c k   g a i n   i n   o r d e r   t o   m a i n t a i n   b o t h   r o o t s  as f a r  t o  t h e   l e f t  on t h e  
S-p lane  as  poss ib le .   For   ease  in   mechanizat ion,   the  feedback  ga in  funct ions 
should be as   s imp le   as   poss ib le .   A f te r  much t r i a l  and e r r o r ,   t h e   p o s i t i o n a l  
feedback  gain was success fu l l y   rep resen ted  by t h r e e   s t r a i g h t - l i n e  segments 
w h i l e   t h e   r a t e   g a i n  was represented  by  two  s t ra ight - l ine  segments.  These 
f u n c t i o n s   a r e  shown i n   T a b l e  I .  A b lock   d iag ram  o f   t he   mo to r   w i th   t hese  
adapt ive,   gain  scheduled ele'ments i s  shown i n   F i g u r e  7. The l o c a t i o n   o f  
t h e   t h r e e   p o l e s  and o f   t h e   z e r o   f o r   v a r i o u s   v a l u e s   o f  F/J i s   g i v e n   i n  
Table 11. F igu re  8 shows t h e   f l a p   d e f l e c t i o n   p o s s i b l e   w i t h   t h i s   f e e d b a c k  
c o n f i g u r a t i o n   a s  a f u n c t i o n   o f   a i r s p e e d .  

ReSDOnSe Enhancement  LOOD 

Al though  bo th   roo ts   a re  now always  located t o   t h e   l e f t   o f  -20 on t h e  
S-p lane,   the  dynamic  response  o f   the  f lap t o  a d e f l e c t i o n  command i s   s t i l l  
s lower   than  des i red .   Examinat ion   o f   F igure  9 which shows t h e   m o t o r   i n p u t  
vo l tage  and o u t p u t   r e s p o n s e   t o  a 5.6 v o l t s   s t e p  and  28  V/sec ramp revea ls  
t h a t   t h e   v o l t a g e  on the   mo to r   does   no t   s tay   nea r   i t s  maximum va lue   very  
long.  (Thus a l i n e a r  means o f   k e e p i n g   t h e   v o l t a g e   a t  a g r e a t e r   v a l u e  
would  enhance the  response.)  

The means chosen t o  a c c o m p l i s h   t h i s   t a s k   i s   t o   u s e   p o s i t i v e   a c c e l e r a -  
t i o n  and p o s i t i v e   r a t e   f e e d b a c k .   T h i s   h a s   t h e   e f f e c t   o f   p l a c i n g  a zero  
between the   two   po les   resu l t i ng   f rom  the   f eedback  shown i n   F i g u r e  7 and  a 
second  zero a t   t h e   o r i g i n .   I n c r e a s i n g   t h e   g a i n   t h e n   d r i v e s   t h e   i n n e r m o s t  
p o l e   t o   t h e   o u t s i d e   z e r o  and t h e   o u t e r m o s t   p o l e   s u b s t a n t i a l l y   t o   t h e   l e f t .  
A p o l e   i s  added a t  -225 t o  reduce i n i t i a l   t r a n s i e n t s .  

* The zero  (S + a )   i s  assumed for  t h e  moment t o  c a n c e l   t h e   p o l e  ( S  + a ' ) .  
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A r e d u c t i o n  of  t h e   b l o c k   d i a g r a m   o f   F i g u r e  8 i s  shown a l o n g   w i t h   t h e  
pos i t i ve   f eedback   e lemen t   i n   F igu re  IO. (The r o o t   l o c a t i o n s  f o r  v a r i o u s  
l o a d s   a r e   g i v e n   i n   T a b l e  11.1 I n   g e n e r a l   t h e r e   i s  now a r o o t   a t   a b o u t  
-22.5 and a n o t h e r   a t  -32 or beyond.  More posi t ive  feedback  cannot  be  used 
w i t h o u t   d r i v i n g   t h e   s y s t e m   i n t o   o s c i l l a t i o n .  

InDut ComDensator 

A l though  the  system  dynamics  have  been  improved  s ign i f icant ly   wi th  
the   a fo rement ioned  techn iques  and t h e   r e q u i r e d  D.C. ga in  has been maintained, 
t h e   s y s t e m   s t i l l  does no t   resemb le   t he   des i red  

8 -  A 
e S + 5 0  
"- 

As t h e  f 
m o d i f i e d  

i n a l   s t e p   i n   t h e   p r o c e s s   t o   a c h i e v e   t h i s   g o a l ,   t h e   i n p u t   s i g n a l   i s  
i n   two   s tages .  I t   f i r s t  passes  through a passive  lead  network,  

S + 22.5 
s + 4 5  * 

I t   i s   t h e n   b i f u r c a t e d .   I n  one  branch i t  i s   s i m p l y   a m p l i f i e d   w i t h  a g a i n  
of 2. The o the r   b ranch   con ta ins  a ra te-generat ing  network  wi th   an  oper-  
a t i o n a l   a m p l i f i e r   a s   i t s   p r i n c i p a l   e l e m e n t .  The s igna ls   pass ing   th rough 
two  branches  are  then summed t o  form a f r e e   z e r o * .  The n e t   e f f e c t   i s  t o  
pass   t he   i npu t   s igna l   t h rough   the   b lock   d iag ram  rep resen ted  by 

as shown i n   F i g u r e  ( I .  The input  compensator  serves t o  c a n c e l   t h e   r o o t  
which i s  always  near -22.5 and r e p l a c e  i t  w i t h  one a t  -45. I t   a l s o   e f -  
f e c t i v e l y   r e d u c e s   t h e   o r d e r  of the   denomina to r   wh i l e   subs tan t i a l l y   cance l -  
i n g   t h e   p o l e   n e a r  -35. The  system  therefore  appears much l i k e  a s imple 
f i r s t   o r d e r   s y s t e m   w i t h  a 0.022 sec .   t ime   cons tan t .   F igu re  12 compares 
t h e   r e s p o n s e   o f   t h i s   s y s t e m   w i t h   t h a t  of a s i m p l e   f i r s t   o r d e r  t o  a t y p i c a l  
command i n p u t .   L i t t l e   d i f f e r e n c e   i s   n o t e d .  

Comp I e t e  System 

F i g u r e  13a i s  a general   b lock  d iagram  showing a l l   t h e   e l e m e n t s   o f   t h e  
sys tem  d i scussed   thus   f a r   as   we l l   as   t he  Mode I and Mode I1 s igna l   shap ing  
ne tworks .   F igure  13b i s  a legend f o r   F i g u r e  13a. Each o f   t hese   shap ing  

* Th is   dev ice   i s   employed  ou ts ide   feedback   loops   to   avo id   the   consequences  of  
imper fec t   pu re   ra te   genera t i on   wh ich  may b e   p r e s e n t   i n   t h e s e   c i r c u i t s .  



networks i s   f e d   i n   p r a c t i c e   b y  a s t e p - l i k e   s i g n a l .   T h a t   s e l e c t e d   a s   t h e  
worst -case  input  for  Mode 11 i s   g i v e n   b y  

9.33 v o l t s   ( 1 2 . 8 ) ( S  + 20) 
S ( S  + 12.8 + 9 . 6 j ) ( S  + 12.8 - 9 . 6 j )  

w h i l e   t h a t   f o r  Mode I i s   g i v e n   b y  a 28 v o l t   s t e p .   F i g u r e  14 shows t h e  
sys tem  response  (w i th   the  motor s h a f t   d i s p l a c e m e n t   g i v e n   i n   r a d i a n s )  and 
t h e   m o t o r   i n p u t   v o l t a g e  fo r  F/J = 0, 42, and 168 f o r  Mode r i npu t .   Resu l t s  
w i t h  a  Mode 11 i n p u t   a r e   g i v e n   i n   F i g u r e  15. F i g u r e  15 a l s o  shows t h e  
Mode 1'1 response  and  Motor  Voltage when t h e   f l a p   i s   d e f l e c t e d  30° as a 
r e s u l t  of a  Mode 5 i n p u t .   C o m p a r i s o n   o f   t h e   r e s u l t s   w i t h   t h e   d e s i r e d  
responses shows t h a t   t h e   d e s i g n   g o a l s   h a v e  been  met. 

I t  may be   no ted   t ha t   t he   sys tem wi l l  a c c e p t   i n p u t   v o l t a g e   r i s e   r a t e s  
o f  80-100 v o l t / s e c .  The maximum e x p e c t e d   i n   t h e   s e r v i c e   f o r   w h i c h  i t  was 
designed i s   o n l y  37.4 vo l t / sec .   Thus   t he re   i s   adequa te   marg in   t o   i nsu re  
the   sys tem wi l l  no? s a t u r a t e  and become non- l inear .  The system may a l s o  
be  used i n   a p p l i c a t i o n s   r e q u i r i n g  somewhat h i g h e r   v o l t a g e   r i s e   r a t e s .  

C o n t r o l   C i r c u i t s  - 
Also shown on  F igure  13a are  what may b e   t e r m e d   c o n t r o l   c i r c u i t s ,  

t h a t   i s ,   c i r c u i t s   w h i c h   c o n t r o l   t h e   o p e r a t i o n   o f   c e r t a i n   e l e m e n t s   b u t  
w h i c h   a r e   n o t   s t r i c t l y   p a r t  of  t h e   s i g n a l   c i r c u i t s ,  i .e., t h e   f o r w a r d  
loop  and  feedback c i r c u i t s   w h i c h  shape t h e   v o l t a g e   d r i v i n g   t h e   m o t o r .  
T h e r e   a r e   f o u r   c i r c u i t s  of t h i s   t y p e  used i n   t h i s  system: 

( I 1 the   load   sensor  "a" generator ,  K R ~  generator ,  and KP, genera tor  

( 2 )  t h e   b r a k e   r e l e a s e  

( 3 )   t h e   m o t o r   v o l  

( 4 )  t h e   s t a t i c  fr 

These w i l l  be  d iscussed 

t a g e   k i  I l e r  

i c t i o n  compensator 

i n   o r d e r .  

Rearrangement o f   e q u a t i o n  ( 5 )  shows t h a t  

Thus  by  measuring t h e   i n p u t   v o l t a g e ,   t h e   s h a f t   p o s i t i o n ,   t h e   s h a f t   r a t e ,  
and t h e   s h a f t   a c c e l e r a t i o n - - t h e   l a t t e r   t h r e e   q u a n t i t i e s   a r e   a l s o  used  as 
feedback   vo l tage   sou rces - -and   pe r fo rm ing   t he   ope ra t i ons   i nd i ca ted   i n  
equat ion  (8)  one  has  an  instantaneous  va I ue of F/J . Thus,  even i f  t h e  
f l a p   l o a d   g r a d i e n t   i s   n o t   q u i t e   l i n e a r   w i t h   d e f l e c t i o n  or some unusual 
load   cond i t ion   shou ld   evo lve ,   the   p roper   compensat ion  and  feedback  gain 
i s   s t i  I 1 generated. 
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The  Iratr  generator  mere I y ope ra tes   on   t he  G J  s igna  I t o  produce  the "at' 
c o n t r o  I vo l tage  used  in   the   fo rward   compensator .  The KQ and K,, genera tors  
pe r fo rm  s im i   t a r   ope ra t i ons  t o  p r o v i d e   t h e   g a i n   c o n t r o l   v o l t a g e s  for  t h e   v a r i a b l e  
r a t e  and p o s i t i o n a l   f e e d b a c k   c i r c u i t s  whi.ch a r e   t h e   r e q u i r e d   f u n c t i o n s   o f  G J .  

I t  was m e n t i o n e d   e a r l i e r   t h a t  t o  r e t r a c t   t h e   f l a p ,   t h e   b r a k e   o n   t h e  
over runn ing   c lu tch   must   be   re leased.  The b r a k e   r e l e a s e   c i r c u i t   l o g i c  
r e q u i r e s   b o t h  a negat ive  change  in  command v o l t a g e  and  a  knowledge t h a t  
the  motor   speed h.as reached  zero  before it c a l l s   f o r   t h e   b r a k e   t o  be  re- 
leased. The re lease  command i s   a m p l i f i e d   t o   d r i v e   t h e   b r a k e   r e l e a s e  
so leno id .  I t  has  been  assumed t h a t   t h e   b r a k e   r e l e a s e   s o l e n o i d  has  a t i m e  
cons tan t  of 0.003 second or  less.   Compensat ion may be r e q u i r e d   t o   a c h i e v e  
t h i s  performance. 

The p o s i t i o n a l   f e e d b a c k   l o o p   i s   p r o v i d e d   w i t h  a s p e c i a l   c i r c u i t  which, 
a f t e r   f o u r  seconds of no  change i n  motor s h a f t   p o s i t i o n ,   s w i t c h e s   e l e c t r o n -  
i c a l l y   t o  a v o l t a g e   e q u a l   t o   t h e  command v o l t a g e ,   t h e r e b y   d r i v i n g   t h e  ac- 
t u a l  motor v o l t a g e   t o   z e r o .   S i n c e   t h e   m o t o r   n o   l o n g e r   d e v e l o p s   s u f f i c i e n t  
t o r q u e  t o  h o l d   t h e   f l a p   i n   p o s i t i o n ,   t h e   a e r o d y n a m i c   l o a d s   d r i v e   t h e   f l a p  
aga ins t   t he   b rake .  The f l a p   i s   t h u s   h e l d   i n   p o s i t i o n   w i t h o u t   r e q u i r i n g  
t h e   m o t o r   t o   d e v e l o p   s t a l l   t o r q u e   c o n t i n u o u s l y   d u r i n g   l o n g   p e r i o d s   i n   w h i c h  
no f l a p   m o t i o n   i s   r e q u i r e d .  

I n   o r d e r   t h a t   t h e   p o s i t i o n a l   f e e d b a c k  may resume i t s   f u n c t i o n   i n  con- 
t r o l l i n g  system  dynamics when f l ap   mo t ion   beg ins   aga in ,  a means must be 
prov ided t o  s w i t c h   o u t   t h e   s t e a d y   o r   " m o t o r   k i  I I e r "   vo  I tage  when a command 
t o  move t h e   f l a p   i s  app I ied.  
sensed i n   t h e   v o l t a g e   l e v e l  a 
pu l se   causes   t he   s teady   pos i t  
c i r c u i t   f o r  which  the  dynamic 

f 
i 

There i s  no way i n  which 
s t a t i c   f r i c t i o n   i n   t h e  mechani 
t o  proceed t o  a c e r t a i n   s h a f t  
to rque  deve loped  in   the   motor  

Thus when a change--i n e i t h e r  d i r e c t i o n - - i  s 
t e r   t h e   f o r w a r d , c o m p e n s a t o r ,   t h e   r e s u l t i n g  
ona l   vo l tage  t o  be sw i t ched   ou t  and t h e  
a n a l y s i s  was performed t o  be  reengaged. 

a convent iona l   fo l lower   can   compensate   fo r  
sm. I f ,  f o r  example,  a command were  given 
p o s i t i o n   t h e   f o l l o w e r   w o u l d  move u n t i l   t h e  
bv t h e   d i f f e r e n c e  between t h e  command v o l t -  

age  and t h e   p o s i t   i o n a  I feedback'vo I tage was t o o  sma I I t o  move t h e  f I ap 
f u r t h e r   a g a i n s t   t h e   s t a t i c   f r i c t i o n .   T h i s   f l a p   p o s i t i o n i n g   e r r o r   o f  
course depends  upon t h e   l e v e l   o f   s t a t i c   f r i c t i o n   i n   t h e   f l a p   d r i v e   l i n k a g e  
b u t  it i s   a l s o   a f f e c t e d  by n o n - l i n e a r i t i e s   i n   t h e   m o t o r   c h a r a c t e r i s t i c s  
n e a r   z e r o   e x c i t a t i o n   v o l t a g e .   S i n c e   v e r y   a c c u r a t e   p o s i t i o n i n g   o f   t h e  
f l a p   i s   r e q u i r e d   i n   t h i s   a p p l i c a t i o n ,  a s p e c i a l   c i r c u i t   t o   r e d u c e   t h i s  
e r r o r  was developed.  Again, a branched  s ignal   path  is   employed.  One 
path,  which i s  a lways   ope ra t i ona l ,  has  a g a i n   o f   u n i t y .  The o t h e r  has 
a g a i n   o f   n i n e .  The ou tpu t   f rom  the   two   pa ths   a re  summed. As long  as 
a t a c h o m e t e r   s i g n a l   i n d i c a t e s   t h a t   t h e   m o t o r   i s   t u r n i n g ,   t h e   h i g h   g a i n  
p a t h   i s   n o t   o p e r a t i o n a l .   I f ,  however, t h e r e   i s  a d i f f e r e n c e  between 
command p o s i t i o n  and a c h i e v e d   p o s i t i o n  and t h e r e   i s  no  tachometer   output  
i n d i c a t i n g   t h a t   m o t i o n   h a s   h a l t e d ,   b o t h   p a t h s   a r e   o p e r a t i o n a l  and t h e  
s i g n a l   i s   e f f e c t i v e l y   a m p l i f i e d  by  a f a c t o r  of ten .  As soon as  a  sub- 
s t a n t i a l   t a c h o m e t e r   s i g n a l   i s   g e n e r a t e d ,   t h e   h i g h   g a i n   p a t h   i s   a g a i n  
s w i t c h e d   o u t   o f   t h e   c i r c u i t .   I n   t h i s  way t h e   m o t o r   i s   p u l s e d   t o  overcome 
f r i c t i o n  and motor i n s e n s i t i v i t i e s .  

- 
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The d e t a i l e d   f u n c t i o n i n g   o f   t h e s e   c o n t r o l   c i r c u i t s  Is discussed  along 
w i t h   t h e i r   p o s s i b l e   r e a l i z a t i o n   i n   h a r d w a r e   i n   t h e   n e x t   s e c t i o n .  
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POSSIBLE  REALIZATION OF 
SIGNAL CIRCUITS 

C i r c u i t s  have  been  designed fo r  r e a l i z i n g   i n  hardware   the   s igna l  and 
cont ro l   func t ions   d iscussed  above.  I t  shoul'd  be  emphasized a t   t h e   o u t s e t  
t h a t  n o   p a r t i c u l a r   e f f o r t  was  made t o  o p t i m i z e   t h e   c o s t  o r  number of  com- 
ponents i n   t h e s e   d e s i g n s .   R a t h e r ,   t h e   e f f o r t  was i n t e n d e d   t o   d i s p l a y   o n e  
p o s s i b l e  means of  r e a l i z i n g   t h e   p a r t i c u l a r   f u n c t i o n   i n   h a r d w a r e .   W h i l e  
t h e   c i r c u i t s   a r e  based  on  s tandard  des ign  pract ice,   they  have  not   as  yet  
been c o n s t r u c t e d .   M o d i f i c a t i o n s  may t h e r e f o r e  be necessary. 

Power A m p l i f i e r  and F r i c t i o n  Compensator 

A l l  t h e   s i g n a l   c i r c u i t s   i d e a l l y   s h o u l d  be r e l a t i v e l y   h i g h  impedence 
c i r c u i t s .  Thus, a power a m p l i f i e r   w i t h   u n i t y   v o l t a g e   g a i n   i s   r e q u i r e d  
immediately  ahead of  the  motor .   Because  the  system  is   in tended t o  be  op- 
e rab le   f rom a b a t t e r y  for  s h o r t   p e r i o d s   d u r i n g   e n g i n e - o u t   c o n d i t i o n s  it 
i s   i m p e r a t i v e   t h a t   t h e   p o w e r   a m p l i f i e r   o p e r a t e   w i t h  minimum  power d r a i n .  
A schemat i c   o f   t he   power   amp l i f i e r   evo l ved  t o  p e r f o r m   t h e   r e q u i r e d   t a s k   i s  
shown i n   F i g u r e  16. The  power a m p l i f i e r   c o n t a i n s  

( 1 )  an o s c i l l a t o r  

( 2 )  a d r i v e r  

( 3 )  a power  switch 

( 4 )  a smooth ing  capaci tor  

( 5 )  a s e r i e s   v o l t a g e   r e g u l a t o r  

(6) an act ive  network  which  generates a c o n t r o l   v o l t a g e  E )B 
0 

The o s c i l l a t o r   c o n s i s t s   o f  a f l i p - f l o p   ( t r a n s i s t o r s  Q3 and Q4 which 
a r e   b e i n g   s e t  and r e s e t  by t h e   c o l l e c t o r   o u t p u t   o f   t r a n s i s t o r s  95 and Q6). 
These t r a n s i s t o r s   a r e   i n   t u r n   r u n   b y  a d i f f e r e n t i a l   a m p l i f i e r   ( t r a n s i s t o r s  
Q1 and 92)  whose o u t p u t   i s   p r o p o r t i o n a l   t o   t h e   d i f f e r e n c e  between Eg '  and 
Eo* (see  F igure  18) .  Eg '  i s   t h e  command v o l t a g e  and Eo* i s   t h e   v o l t a g e  
d r o p   a c r o s s   t h e   s e r i e s   r e g u l a t o r .  The o s c i l l a t o r   o u t p u t   ( t a k e n   f r o m   t h e  
c o l l e c t o r   o f   9 4 )   i s  a  30 v o l t  square wave w i t h  a f i x e d   r e p e t i t i o n   r a t e .  

i d t h  of the   square  wave i s   c o n t r o l   l e d   b y  Eg '  - Eo*. I f  I Eo* I = 28 
and Eg '  i s  z e r o ,   t h e n   i d e a l l y   t h e   o s c i l l a t o r   o u t p u t   i s  a 30 v o l t  
of zeFo d u r a t i o n   r e p e a t e d   a t  a f i x e d   r a t e .  I f  Eg '  = 28 v o l t s   t h e  
a t o r   o u t p u t   i s  a s t e a d y   3 0 - v o l t   s i g n a l .  

he f u n c t i o n  of t h e   o s c i l l a t o r   i s   t o   a c t  as a con t ro l   e lemen t  for  t h e  

The w 
vo I t s  
pu I se 
o s c i  I 

Dower 

I 

T 
sw i t ch .   Th i s   sw i t ch   i n   essence   a l l ows   ene rgy   t o  flow from t h e   b a t t e r y  

i n   p u l s e s   s u c h   t h a t  when t h e s e   p u l s e s   a r e   s m o o t h e d   b y   t h e   f i l t e r   c a p a c i t o r  
and t h e   s e r i e s   r e g u l a t o r   t h e   a m p l i f i e r   o u t p u t  w i l l  be t h e  same as Egl b u t  
a t  an  impedence  approaching  zero.   Thus  the  swi tch  is   conduct ive fo r  v e r y  
s h o r t   p e r i o d s  when Eg '  i s   s m a l l   b u t  w i l l  be   conduct ive   con t inuous ly  when 
E9' = 28 v o l t s .  
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The o s c i l l a t o r   s i g n a l   i s   a m p l i f i e d   b y   t h e   d r i v e r  Q7 so t h a t   s u f f i c i e n t  
c u r r e n t   i s   a v a i l a b l e   t o   o p e r a t e   t h e  power  switch, Qg, wh ich   cons is ts  of f o u r  
t r a n s i s t o r s   i n   p a r a  I l e  I . Four   t rans i s to rs   a re   necessa ry  t o  prov ide   the   64  
ampere m o t o r   s t a l l   c u r r e n t   w i t h  an adequate  marg in  o f   safety .  The s w i t c h   i s  
o p e r a t e d   b y   a l t e r i n g   t h e   b a s e   b i a s  of 9,. 

As no ted   p rev ious l y ,   t he  wave form  produced  by  the  power  switch i s  a 
square wave.  To r e d u c e   t h e   m o t o r   e l e c t r i c a l   s t r e s s e s  and t o   p e r m i t  a v a l i d  
l i n e a r   a n a l y s i s   t o  be made, t h i s   s q u a r e  wave must  be  converted t o  an equ iv -  
a l e n t  D.C. s i g n a l .   T h i s   i s   a c c o m p l i s h e d   i n   t w o   s t e p s .   F i r s t   f i l t e r   c a -  
p a c i t o r  C3 c o n v e r t s   t h e   p u l s e   c h a i n   t o  a s i n e - l i k e  wave form. The s e r i e s  
r e g u l a t o r   t h e n   a c t s   l i k e  a v a r i a b l e  impedence. When t h e   o u t p u t   v o l t a g e  
exceeds t h e   d e s i r e d   v a l u e ,   t h e   r e g u l a t o r  impedence increases; when t h e  
o u t p u t   v o l t a g e   i s   l e s s   t h a n   d e s i r e d ,   t h e   r e g u l a t o r  impedence  decreases. 
Eo* i s   t h e   v o l t a g e   d r o p   a c r o s s   t h e   r e g u l a t o r .   T h i s   v o l t a g e   i s   c a l c u l a t e d  
b y   f e e d i n g   t h e   i n p u t  and o u t p u t   v o l t a g e s   o f   t h e   s e r i e s   r e g u l a t o r ,  E ~ S R  and 
EIO, t o   t h e   n o n i n v e r t i n g  and i n v e r t i n g   i n p u t s   o f   t h e  summing a m p l i f i e r  
SA1004 r e s p e c t i v e l y .  When th i s   vo l tage   d rop   dec reases ,  E,* i s  f e d   i n t o  
t h e   o s c i l l a t o r   i n  such a f a s h i o n   t h a t   t h e   p u l s e   w i d t h   i s   i n c r e a s e d  and t h e  
regu la to r   vo l tage   d rop   i nc reased .  

The s e r i e s   r e g u l a t o r   c o n s i s t s   o f  

( 1 )  a p r e - r e g u l a t o r   t o   p r e v e n t   t h e   r i p p l e   v o l t a g e   f r o m   b e i n g  
a m p l i f i e d .   ( I t   c o n s i s t s   o f  one break down d iode Dz2, one 
t r a n s i s t o r  99,  and  two r e s i s t o r s  R \ 8  and  RIg.1 

( 2 )   t h e   s e r i e s   e l e m e n t   ( t h r e e   t r a n s i s t o r s ,   Q l o ,   c o n n e c t e d   i n  a ' 

shunt common e m i t t e r   c o n f i g u r a t i o n ,  each t r a n s i s t o r   h a v i n g  
a c u r r e n t   h a n d l i n g   c a p a c i t y   o f  30 amps) 

( 3 )  a b e t a   m u l t i p l i e r  

( 4 )  a comparator  element 

(5) a sampling  element 

The Beta M u l t i p l i e r   i s  a t rans i s to r i zed   e lemen t   wh ich   boos ts   t he   ou tpu t  
cu r ren t   o f   t he   compara to r   e lemen t   t o   t he   l eve l   requ i red   t o   d r i ve   t he   base  
o f   t h e   t r a n s i s t o r s   o f   t h e   S e r i e s   E l e m e n t .  The M u l t i p l i e r   c o n s i s t s   o f  
s e v e n   ( 7 )   t r a n s i s t o r s ;   f i v e  (5) of t h e s e   a r e   i d e n t i f i e d   a s  QI I  and a re  
i d e n t i c a l   t r a n s i s t o r s   c o n n e c t e d   i n  a common e m i t t e r   p a r a l l e l   c o n f i g u r a t i o n .  
The  base o f   t h e s e   t r a n s i s t o r s   i s   d r i v e n   b y   t h e   e m i t t e r   c u r r e n t   o f   t r a n s i s t o r  
9 1 2  and i t s  base i s   i n   t u r n   d r i v e n  by t h e   e m i t t e r   c u r r e n t   o f   t r a n s i s t o r  Q13. 
T h i s   l a s t   t r a n s i s t o r   i s   d r i v e n  by t h e   d i f f e r e n c e   c u r r e n t   b e t w e e n ' t h a t   o f   t h e  
c o l   l e c t o r s   o f  Qg and Q,,. 

The compara to r   e lemen t   cons i s t s   o f   t r ans i s to r   914  and it has  a f l o a t i n g  
re fe rence   i npu t   vo l tage  Eg' t o   i t s   e m i t t e r .  The  base c u r r e n t  comes f rom  the  
sampling  element. The o p e r a t i o n a l   r e q u i r e m e n t   o n   t h i s   t r a n s i s t o r   i s   t h a t  it 
p u t s   o u t  enough c o l l e c t o r   c u r r e n t   s u c h   t h a t  ICQ4>ICQ5 + lBQ3. Capac i to r  C4 
has  been  added f rom co  I l e c t o r   t o  base t o   a v o i d  hTgh frequency i n s t a b i  I i t y  . 
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The samp l ing   e lemen t   cons i s t s   o f  two f i x e d   r e s i s t o r s  R20 and R21 
and a w i r e  wound po ten t iometer  Rsp, The r e s u l t a n t   s e r i e s   r e s i s t a n c e   m u s t  
be  such t h a t  5ma flow i n t o   t h a t   b r a n c h ,  Rspl  and Rsp2 ( s e t t i n g  of  t h e  wire 
wound p o t )   a r e   a d j u s t e d   s u c h   t h a t   s u f f i c i e n t   c u r r e n t  flows i ' n to   t he   base  
of t h e   t r a n s i s t o r   u n d e r   t h e  worst case  re ference  condi t ion.*  

The f r i c t i o n  compensator, it will b e   r e c a l l e d ,   i s   i n c l u d e d  t o  decrease 
t h e  dead  band behav io r   o f   the   motor   due t o  i t s   i n t e r n a l   f r i c t i o n .   F i g u r e  17 
shows a schematic of  t h i s  compensator. F i r s t   d i o d e s  Dg and DgR a l l o w  
passage o f  s igna I Eg i n t o   t h e   e x t e n s i o n  and r e t r a c t i o n  Echanne Is r e s p e c t i v e l y  
i n  a c c o r d a n c e   w i t h   t h e   p o l a r i t y  of  Eg. I f  Eg i s   p o s i t i v e   t h e   e x t e n s i o n  
channel i s  o p e r a t i o n a l   a n d   t h e   r e t r a c t i o n   c h a n n e l   i s   i n o p e r a t i o n a l ;  i f  Eg 
i s  n e g a t i v e   t h e   r e t r a c t i o n   c h a n n e l   i s   o p e r a t i o n a l  and the   ex tens ion   channe l  
i s   u n o p e r a t i o n a l .  The f r i c t i o n  compensator i n   b o t h   c h a n n e l s   c o n s i s t s  of 
i d e n t i c a l   c i r c u i t s  and  hence it will be s u f f i c i e n t  t o  d e s c r i b e   t h e   o p e r -  
a t i o n   o f   o n l y  one o f  them.  Consider  the  extension  channel   as  depicted 
i n   F i g u r e  17. The s i g n a l   p a t h   i s   b r a n c h e d   a f t e r   d i o d e  DgE.  One branch 
i s  p a s s e d   t h r o u g h   t h e   n o n i n v e r t i n g   c o n n e c t i o n   o f  summing a m p l i f i e r  S A F C ~  
w i t h  a ga in   o f   one  and the   o the r   b ranch   i s   passed   th rough  summing a m p l i f i e r  
S A F C ~  w i t h  a g a i n  of n ine .  The PNP,  NPN,  common c o l l e c t o r ,  common base 
FET's  arrangement (FETg1 and  FETg2) p e r m i t  o r  i n h i b i t  passage of t h e   s i g n a l  
t h rough   the   h igh   ga in   pa th .  As long  as a t a c h o m e t e r   s i g n a l   i n d i c a t e s   t h a t  
t h e   m o t o r   i s   s t i l l   t u r n i n g  one o f   t h e  FET's ac ts   as  a s h o r t   c i r c u i t  and t h e  
s i g n a l  does no t   pass   t h rough   the   h igh   ga in   pa th .  I f ,  however, t h e r e   i s  a 
d i f fe rence  be tween commanded and a c h i e v e d   p o s i t i o n  and t h e r e   i s   n o   t a c h o m e t e r  
o u t p u t - - i n d i c a t i n g   t h a t   m o t i o n   h a s   h a l t e d - - t h e n   b o t h  FET's  bahave  as  open 
c i r c u i t s  and the   s igna l   passes   t h rough   the   h igh   ga in   pa th .  The o u f p u t  of 
a m p l i f i e r  S A F C ~  i s  connected t o   t h e   i n v e r t i n g   i n p u t  o f  a m p l i f i e r  SAFCI w i t h  
a g a i n   o f  one.  Thus w i t h   t h e   l a s t   s e t   o f   c o n d i t i o n s   t h e   r e s u l t a n t   s i g n a l  
EgE1 i s  e f f e c t i v e l y   e q u a l  t o  s i g n a l  Eg a m p l i f i e d   b y  a f a c t o r   o f   t e n .  As 
soon  as a subs tan t i a l   t achomete r   s igna l   i s   genera ted ,   one  of t h e  FET's 
again  behaves  as a s h o r t   c i r c u i t  and t h e   s i g n a l   i s   a g a i n   b l o c k e d  from t h e  
h i g h   g a i n   p a t h   a n d   t h e   r e s u l t a n t   s i g n a l  EgE' i s  equal t o  t h e   s i g n a l  Eg. I n  
t h i s  way t h e   m o t o r   i s   p u l s e d   t o   o v e r c o m e   f r i c t i o n  and m o t o r   i n s e n s i t i v i t i e s .  

- 

Scheduled  Series Lead  ComDensator 

Subs t i t u t i ng   t he   pa ramete r   va lues  from F i g u r e  4 i n t o   e q u a t i o n  ( 8 )  one 
ob ta  i ns 

* The o u t p u t  o f  t h e   v o l t a g e   r e g u l a t o r   i s   f e d   t o   t h e   t e r m i n a l   o f   t h e   s p l i t  
f i e l d   s e r i e s  D.C. motor  which makes it r o t a t e  CW. The motor-load  combina- 
t i o n   i s  geared  such t h a t  a CW s h a f t   r o t a t i o n   c a u s e s   e x t e n s i o n  o f  t h e   f l a p s .  
The CCW i n p u t   t e r m i n a l   o f   t h e   m o t o r   i s  connecf-ed t o  t h e   o u t p u t  of  t h e   v o l t -  
age r e g u l a t o r  of  t h e   R e t r a c t i o n  Power A m p l i f i e r .   T h i s   a m p l i f i e r   i s   i d e n t i c a l  
t o   t h e   E x t e n s i o n  Power A m p l i f i e r   d e s c r i b e d  above   excep t   t ha t   i s   des igned  t o  
opera te   w i th   nega t i ve   vo l tages   and   hence   t he   supp ly   connec t ion   i s   g rounded .  
The  parameter  values fo r  the   Ex tens ion  Power A m p l i f i e r s   a r e   l i s t e d   i n  
Table 111. 
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- 
K - 691.51 
J 
" 

'e 
[ E10 - 3345 X E; - 144.6 x E;] 

F i g u r e  18 shows the   schemat i c  of t h e   c i r c u i t  used i o  generate a v o l t a g e  
p r o p o r t i o n a  I t o  the   i ns tan taneous  va I ue of  the   load   parameter  K/J accord i ng 
t o  equat ion  ( 9 ) .  Vo l tage   s igna ls  from accelerometer  A I  and  T2 a r e   f e d  
t h r o u g h   i n d i v i d u a l   v o l t a g e   d i v i d e r s  t o  t h e   i n v e r t i n g   i n p u t  o f  summing am- 
p l i f i e r  S A 2 0 0 .  EIO, t h e   i n p u t   v o l t a g e  t o  t h e   m o t o r ,   i s   f e d  t o  the   non- in -  
v e r t i n g   i n p u t  of S A 2 0 0 .  The ga in   o f   each   o f   t hese   t h ree   channe ls   i s   sca led  
so t h a t   t h e  maximum v a l u e   o f   t h e   o u t p u t  due t o  e a c h   s i g n a l   i s  k1Ov.  The 
o u t p u t   v o l t a g e  of S A 2 0 0  i s  fed t o  t h e  z i n p u t  of  a BB4095/15 m u l t i p l i e r  and 
t h e   s i g n a l  from p o t e n t i o m e t e r  P i s   f e d   t o   t h e  X, i n p u t   o f   t h e   m u l t i p l i e r  
through a v o l t a g e   d i v i d e r   w h i c h   i n s u r e s   t h a t   t h e  maximum v a l u e   o f   t h i s   s i g -  
n a l   i s   ~ I O V .  When t h e   o t h e r   m u l t i p l i e r   t e r m i n a l s   a r e   c o n n e c t e d   a s  shown 
i n   t h e   f i g u r e ,   t h e   d e v i c e   p e r f o r m s   d i v i s i o n  and i t s   o u t p u t   i s  as   i nd i ca ted .  
Summing a m p l i f i e r  S A 2 0 1  i s   r e q u i r e d   t o   i n v e r t   t h e   o u t p u t   o f   t h e   m u l t i p l i e r  
and r e e s t a b l i s h   t h e   p r o p e r   v o l t a g e   l e v e l .  

1 

The o u t p u t  o f  S A 2 0 1 ,  v o l t a g e  E- 
K/J ' i s  used t o  genera te   vo l tages  x, y, 

and z .   Vo l tages  x and y a r e   e q u a l   t o   v o l t a g e  E- whereas  vol tage z i s  
g e n e r a t e d   i n   t h e   b l o c k   l a b e l e d  z g e n e r a t o r .   T h k l J   s c h e m a t i c   f o r   t h i s   b l o c k  
i s  shown i n   c o n j u n c t i o n   w i t h   t h e ' s c h e d u l e d   l e a d   c o m p e n s a t o r   i n   F i g u r e  19. 
Vol tage z i s  used t o  a d j u s t   t h e   z e r o   a n d   p o l e  of  t h i s  compensator.  Voltages 
x and y c o n t r o l   t h e   v a r i a b l e   g a i n  of  t h e   p o s i t i o n  and rate  feedback  loops, 
r e s p e c t i v e l y .  The ad jus tmer ts   o f   t he   ze ro   and   po le   o f   t h i s   l ead   ne twork  
r e s u l t   i n   t h e   c a n c e l l i n g   o f , t h e   m o t o r   p o l e   n e a r e s t   t h e   o r i g i n  and t h e   a d d i t i o n  
o f  a p o l e   a t   f i v e   t i m e s   t h e   o r i g i n a l   p o l e   l o c a t i o n .  

F i g u r e  19 shows t h e   r e a l i z a t i o n  of  t h i s  Scheduled Lead  Compensator  Network. 
I n   genera l   t he   po le  and z e r o   o f   t h e   t r a n s f e r   f u n c t i o n  of a lead  network  can  be 
v a r i e d  b y   v a r y i n g   t h e   c a p a c i t a n c e   i n   i t s   s e r i e s   b r a n c h   o r   v a r y i n g   t h e   r e s i s t -  
ances i n   t h e   s e r i e s  and shunt  branches. The l a t t e r  approach i s   t a k e n   i n   t h i s  
r e a l i z a t i o n   u s i n g   t r a n s i s t o r s  QA and QB t o   o p e r a t e  as v a r i a b l e  impedances  de- 
pending  on  the i r   base  vo l tages.   These  base  vo l tages  are  generated  by  the 
network  labeled "NonI inear   Func t ion   Genera tor "   wh ich   y ie lds   vo l   tage z as a 
f u n c t i o n   o f   v o l t a g e  E- . I t  shou ld   be   no ted   tha t  a p iece-wise  l inear   approx-  
imat ion  has been usedK(?! t he   non l i nea r   re la t i onsh ip   be tween   "a "  and R/J shown 
i n   F i g u r e   6 .   T h r e e   l i n e a r  segments,  each w i t h  a d i f f e ren t   s lope ,   a re   emphas ized .  
Vol tage E- which i s   p r o p o r t i o n a  I t o   t h e  i nstantaneous va I ue of F / J  c o n s t i t u t e s  
t h e  i nputK#?, t h e   c i r c u i t .   I t s   p a r a m e t e r s   a r e   s e l e c t e d  so t h a t   t h e   d e s i   r e d  seg- 
ment   s lopes  and  break  po ints   are  achieved.  

By u s i n g   i d e n t i c a l   t r a n s i s t o r s  and   f eed ing   t he i r   bases   w i th   vo l tages  z and 
z /4   respec t i ve l y ,   t he   impedances   i n   t he   se r ies  and shunt   branches  vary   accord ing 
t o   t h e   v a r i a t i o n s   o f   v o l t a g e  E R J  w h i l e   a l w a y s   m a i n t a i n i n g   t h e   d e s i r e d   f o u r - t o -  
one r a t i o   o f   s e r i e s  t o  shunt   imbedance.   In   th is   fash ion ,  and w i t h   c a p a c i t o r  C I  
m a i n t a i n e d   a t  a c o n s t a n t   v a l u e ,   t h e   v a r i a t i o n   o f   z e r o  and p o l e   o f   t h e   n e t w o r k  
i s   o b t a i n e d .  When E- i s  z e r o ,   b o t h   t r a n s i s t o r s   a r e   o p e n   c i r c u i t s  and t h e  
ne twork   cons i s t s  o f  r e s i s t o r  R 3  i n   t h e   s h u n t   b r a n c h  and c a p a c i t o r  C I  i n   t h e  
s e r i e s   b r a n c h   y i e l d i n g   t h e   d e s i r e d   t r a n s f e r   f u n c t i o n   a t   t h i s   v a l u e  of vo l tage.  

i s   n o t   z e r o ,   t h e   s h u n t  impedance i s   e f f e c t i v e l y   t h a t  of  t h e   p a r a l l e l  

K/ J 

o f  R and t h e  impedance presented  by R2 and t h e   v a r i a b l e  impedance 3 
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o f   t r a n s i s t o r  QB. The pu-rpose o f  summing a m p l i f i e r s  SA31 and SA32 i s   t o   p r o -  
v i d e   t h e   t r a n s i e n t   g a i n   o f   f i v e   r e q u i r e d ,  The parameter   va lues   a re   a lso  sum- 
m a r i z e d   i n   F i g u r e  19. 

Gain  Scheduled  Rate  Feedback Loop 
. .  

As seen  from  Table 11, t h e   p u r p o s e   o f   t h i s   l o o p   i s   t o   f e e d   b a c k  a v a r i a b l e  
ra te   s igna l   t he   magn i tude  of  which depends  on t h e   v a l u e   o f   v o l t a g e  Y. F i g u r e  
20 shows the   schemat i c  o f  t h e   r e a l i z a t i o n   o f   t h i s   v a r i a b l e   g a i n   l o o p .  The 
c i r c u i t   c o n s i s t s   o f   t h r e e   m a i n   p a r t s :  

a )   t h e   v a r i a b l e   g a i n   g e n e r a t o r  
b )   t h e   m u l t i p l i e r  and  sca l ing   ne tworks  
c )   t h e   s w i t c h i n g   v o l t a g e s   g e n e r a t o r  

The v a r i a b l e   g a i n   g e n e r a t o r   c o n s i s t s   o f   t h r e e   b r a n c h e s   i n   p a r a l l e l .  The f i r s t  
b ranch ,   cons i s t i ng   o f  summing a m p l i f i e r  SA7 and FET70,  FET71, and t h e   a s s o c i -  
a ted   res is tances ,   genera tes   the   te rm [ I 3  - .783Y] which i s   t h e   r e q u i   r e d  va I ue 
of  K R ~  f o r  0 < Y < 8.93 v o l t s .  The second  b ranch,   cons is t ing   o f  SA8 and FET72, 
FET73, and the   assoc ia ted   res is tances ,   genera tes   the   te rm [ 13.665 - .857Y] 
w h i c h   i s   t h e   r e q u i r e d   v a l u e  o f  K R ~  f o r  8.93 < Y < 14.3 v o l t s ,  The t h i r d  
b ranch ,   cons i s t i ng   o f  FET74,  FET75, and a vo l tage  d iv ider   ne twork ,   genera tes  
t h e   t e r m  c 1 . 4 1  which i s   t h e   r e q u i r e d   v a l u e   o f  K R ~  f o r  14.3 < Y < 30 v o l t s .  

These  branches  are  swi tched  in   and  out  o f  t h e   c i r c u i t  by means of e l e c -  
t r o n i c   s w i t c h e s .  Vo I tages  BI  and B2 i n s u r e   t h a t  FET70 and FET71 w i I I be 
conduct ing when t h e  FET’s i n   t he   o the r   two   b ranches   a re   no t   conduc t ing ;  when 
BI becomes p o s i t i v e ,  FET70 and FET71 are   no t   conduct ing   and FET72 and FET73 
are   conduct ing .  A t  t h e  same t ime,  B2 i n s u r e s   t h a t  FET74 and FET75 a r e   n o t  
c o n d u c t i n g .   F i n a l l y  when B2 becomes p o s i t i v e ,  FET74 and FET75 are   conduct ing  
whereas t h e   o t h e r   F E T ’ s   a r e   n o t ,   t h e   l a t t e r   b e i n g   a c c o m p l i s h e d   b y   r e t u r n i n g  
B (  t o  a zero   va lue  when  B2 becomes p o s i t i v e .   N o t e   t h a t  FET70,  FET72 and FET74 
serve as i s o l a t i n g   s w i t c h e s .  

The s i g n a l   f r o m   t h e   v a r i a b l e   g a i n   g e n e r a t o r   i s   f e d   d i r e c t l y   t o   t h e  X 
i n p u t  o f  a m u l t i p l i e r ,   t h e  Y i npu t   o f   wh ich   i s   connec ted  t o  tachometer  TI  
through a v o l t a g e   d i v i d e r   n e t w o r k .  The  purpose o f   t h i s   v o l t a g e   d i v i d e r   n e t -  
work i s   t o   i n s u r e   t h a t   t h e  maximum v a l u e  of Ei) i s  * IO v o l t s   a s   i s   r e q u i r e d  
b y   t h e   m u l t i p l i e r .  The o u t p u t   o f   t h e   m u l t i p l i e r   y i e l d s  a v o l t a g e   w h i c h   i s  
3630/30  as  large  as  the  value of t h e   d e s i r e d   v o l t a g e  E R ~ ;  hence a m p l i f i e r  
SA9 and i t s   a s s o c i a t e d   r e s i s t a n c e s   a r e   i n t r o d u c e d  t o  per form  the  necessary 
s c a l i n g .  The o u t p u t   o f   t h i s   a m p l i f i e r - - v o l t a g e   - E ~ ~ - - i s   t h e n   f e d   t o   t h e  
i n v e r t i n g   i n p u t  of a m p l i f i e r  SA20. 

The sw i t ch ing   vo  I tage  generator   produces  vo I tages  BI  and B2 which,  as 
p rev ious ly   d iscussed,   de termine   wh ich   o f   the   th ree   d i f fe ren t   ga in   b ranches  
f e e d s   t h e   m u l t i p l i e r .  To generate 81, v o l t a g e  Y i s  compared w i t h  a f i x e d  
v o l t a g e   o f   m a g n i t u d e   8 . 9 3   v o l t s   i n  SAIO; t h u s  BI  i s   n e g a t i v e   f o r  Y < 8.93 
v o l t s ,   z e r o  for  Y = 8.93 v o l t s  and p o s i t i v e   f o r  Y > 8.93 v o l t s .  To generate 
B2, v o l t a g e  Y i s  compared w i t h  a f i x e d   v o l t a g e  of  magnitude 14.3 v o l t s   i n   S A I I .  
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B2 a l s o  goes  through  negat ive,   zero,   and  posi t ive  values,  depending  on  the 
v a l u e  of Y w i t h   r e s p e c t  t o  14.3 v o l t s .   N o t e   t h a t  when B2 becomes p o s i t i v e ,  
BI becomes z e r o   t h r o u g h   t h e   a c t i o n  o f  FET76. 

Ga in   Schedu led   Pos i t ion  Feedback Loop 

Table I 1  a l s o  shows t h a t   t h e   p u r p o s e   o f   t h i s  loop i s   t o   f e e d  back a v a r i -  
a b l e   p o s i t i o n   s i g n a l   t h e   a m p l i t u d e   o f   w h i c h  depends o n   t h e   v a l u e   o f   v o l t a g e  X. 
F i g u r e  21 shows t h e   s c h e m a t i c   o f   t h e   r e a l i z a t i o n  of  t h i s   v a r i a b l e   g a i n  loop. 
The c i r c u i t   c o n s i s t s   o f   t h e   f o l l o w i n g   p a r t s :  

a )   t h e   v a r i a b l e   g a i n   g e n e r a t o r  
b )   t h e   m u l t i p l i e r  and  sca l ing   ne twork  
c )   t h e   s w i t c h i n g   v o l t a g e   g e n e r a t o r  

The v a r i a b l e   g a i n   g e n e r a t o r   c o n s i s t s   o f   t h r e e   b r a n c h e s   i n   p a r a 1   l e l .  The f i r s t  
b ranch,   cons is t ing  of summing a m p l i f i e r  SA12, FET78, FET79,* and  the   assoc ia ted  
res is tances ,   genera tes   the   te rm c4.59 - .28X] which i s   t h e   r e q u i r e d   v a l u e  of  
Kp for  O< X < 14.3 v o l t s .  The second  branch,   cons is t ing o f  SA13, FET80, 
FE t 81, and  assoc iated  res is tances,   generates  the  term [ I  .39 - 0.56X-J which 
i s  t h e   r e q u i r e d   v a l u e  of  Kp f o r  14.3 < X< 17.85 v o l t s .  The t h i r d  branch, 
c o n s i s t i n g  o f  SA14, FET82,  kET83, and the   assoc ia ted   res is tances ,   genera tes  
the   t e rm  c .78  - .021X] w h i c h   i s   t h e   r e q u i r e d   v a l u e   o f  Kpl fo r  17.85 < X < 30 
v o l t s .  T h e s e   b r a n c h e s   a r e   s w i t c h e d   i n   a n d   o u t   o f   t h e   c i r c u i t   b y  means o f   e l e c -  
t r o n i c   s w i t c h i n g .   V o l t a g e s  B2 and B3 i n s u r e   t h a t  FET78 and FET7g be  conduct ing 
when t h e  FET's i n   t he   o the r   two   b ranches   a re   no t   conduc t ing ;  when 82 becomes 
pos i t i ve ,   the   second  b ranch becomes o p e r a t i o n a l . a n d   t h e   f i r s t  and t h i r d  branches 
a r e   o u t   o f   t h e   c i r c u i t ;  when B3 becomes p o s i t i v e ,   t h e   t h i r d   b r a n c h  becomes 
o p e r a t i o n a l   a n d   t h e   f i r s t  and   second   b ranches   a re   ou t   o f   t he   c i r cu i t .   No te  
t h a t  FET78,  FET80, and FET82 s e r v e   a s   i s o l a t i n g   s w i t c h e s .  

The o u t p u t  from t h i s  mu I t i  branch  network i s   f e d   d i   r e c t l  y t o   t h e  X i n p u t  
of a m u l t i p l i e r   t h e  Y i n p u t   o f   w h i c h   i s   c o n n e c t e d  t o  po ten t iometer   P I   th rough 
a vo l tage   d i v ide r   ne twork .  The purpose of  t h i s   n e t w o r k   i s   t o   i n s u r e   t h a t   t h e  
maximum v a l u e   o f  E0 i s  -+IO v o l t s   a s   i s   r e q u i r e d  by  t h e   m u l t i p l i e r .  The o u t -  
p u t   o f   t h e   m u l t i p l i e r   y i e l d s  a v o l t a g e   w h i c h   i s  3630/300 a s   b i g  as t h e   v a l u e  
of  t h e   d e s i r e d   v o l t a g e   E p l ;   h e n c e   a m p l i f i e r  SA16 and i t s   a s s o c i a t e d   r e s i s -  
t ances   a re   i n t roduced   to   pe r fo rm  the   necessa ry   sca l i ng .  

The s w i t c h i n g   v o l t a g e   g e n e r a t o r   i s   t h e   p a r t   o f   t h e   c i r c u i t   w h i c h   g e n e r -  
a t e s   v o l t a g e  B3 w h i c h ,   t o g e t h e r   w i t h   v o l t a g e  82, c o n t r o l s   t h e   p r e s e n c e   o f  
one o f   t h e   t h r e e   b r a n c h e s   i n   t h e   c i r c u i t .   T h e r e   i s  no  need t o   g e n e r a t e   v o l t -  
age B2 a g a i n   s i n c e   r e f e r e n c e   t o   F i g u r e  18 w i l l  show t h a t   v o l t a g e s  X and Y a re  
i d e n t i c a l .  Thus, v o l t a g e  B2, g e n e r a t e d   i n   t h e   r a t e   s w i t c h i n g   v o l t a g e   g e n e r -  
a to r   ne twork ,   i s   used   i n   t he   sw i t ch ing   o f   t he   pos i t i on   f eedback   l oop .  To 
generate B3 v o l t a g e  X i s  compared w i t h  a f i xed   vo l tage   o f   magn i tude  17.85 
v o l t s  i n  SA15; t h u s  B3 i s  negat ive,   zero,  or  pos i t ive  depending  on  whether  
X i s  l ess   t han ,   equa l   t o ,   o r   g rea te r   t han  17.85 v o l t s .   N o t e   t h a t   t h e  con- 
n e c t l o n  of t h e   o u t p u t   o f   a m p l i f l e r   S A I I   ( v o l t a g e  B2) i n   F i g u r e  20 t o  t h e  
FET's i n   F i g u r e  21 i s   e l e c t r i c a l l y  opened when B3 becomes p o s i t i v e ,   s i n c e  
i n   e f f e c t  B2 becomes zero  due t o  FET77. 
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The output   o f   SA16--vo l tage  -Ep,- - is   fed t o  t h e   i n v e r t i n g   i n p u t   o f  SA20. 
T h i s   c o n n e c t i o n   i s   c o n t r o l   l e d   b y  FET84 w h i c h   i s   a c t i v a t e d  by v o l t a g e  6. 
A l s o  shown i n   t h e   f i g u r e  i s  a d i r e c t   c o n n e c t i o n   f r o m   p o t e n t i o m e t e r  PI  t o  
t h e   n o n i n v e r t i n g   i n p u t   o f  SA20. T h i s   c o n n e c t i o n   i s   c o n t r o l l e d   b y  FET85 which 
i s   a l s o   a c t i v a t e d   b y   v o l t a g e  6. The p u r p o s e   o f   t h i s   a l t e r n a t e   u n i t y   g a i n  
p o s i t i o n   f e e d b a c k   i s   t o   r e l i e v e   t h e   m o t o r   o f   s e v e r e   e l e c t r i c a l   s t r e s s e s   d u r i n g  
l o n g   p e r i o d s   o f   c o n s t a n t   f l a p   p o s i t i o n   a s   a l r e a d y   d i s c u s s e d .   N o t e   t h a t   b o t h  
l o o p s   a r e   n o t   o p e r a t i o n a l   a t   t h e  same t ime.  The t r i g g e r   s i g n a l  6 i s   g e n e r a t e d  
by   t he   mo to r   vo l tage   k i  I l e r   c i r c u i t  which wi I I be d i 'scussed  under   rea l izat ion 
o f   c o n t r o  I c i   r c u   i t s .  

The c o m b i n a t i o n   o f   t h e   f e e d b a c k   s i g n a l s   i n  SA20 i s  shown i n   F i g u r e  22. 
The r e s u l t a n t   s i g n a l   i s  compared w i t h   s i g n a l  E5 i n   t h e  summing a m p l i f i e r  
SA3 as shown i n   F i g u r e  23. 

The subsystem  can now be reduced  by  standard  b lock  d iagram  algebra t o  
the   b lock   d iagram shown i n   F i g u r e  IO w i t h   t h e   o v e r a l l   t r a n s f e r   f u n c t i o n   b e i n g  
as  g iven by t h e   e q u a t i o n  

- Improvement " . - - . . - Fe-edback  Loop  and Fixed  Compensator 

The pos i t i ve   acce le ra t ion   and  ra te   feedback   employed  to   improve  the   sys tem 
response can  be represented  by  the  feedback  element 

-70s (S + 22.5) 
H ( S )  = 3630 ( S  + 225) 

and an ex terna  I f i xed   compensa to r   w i th   t rans fe r   f unc t i on  

( S  + 35) (S + 22.5) 
G c ( S )  = 17.5 ( 5  + 45) 

Figures  24 and  25 show the   schemat i c   rea l i za t i on   o f   t he   improvemen t   f eedback  
loop and -the f i xed   ex te rna l   compensa to r   respec t i ve l y .  The o u t p u t   f r o m   t h e  
external  compensator  and  the  improvement  feedback  loop  are  combined i n  summing 
a m p l i f i e r  SA2 as shown i n   F i g u r e  26. N o t e   t h a t   t h e   f e e d b a c k   i s   p o s i t i v e .  

The f i n a l   r e d u c t i o n   o f   t h e   b l o c k   d i a g r a m  can now be e f f e c t e d   w i t h   t h e  
resu I t as  shown i n   F i g u r e  27. 
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REALIZATION OF CONTROL CIRCUITS 

F o r   e a s e   i n   f a b r i c a t i o n ,   t h e   f r i c t i o n   c o m p e n s a t o r  was i n c l u d e d   i n   t h e  
Power Amp I i f i e r   d e s i g n  and t h e  lla'l s igna 1 genera tor  was i n c l  uded i n   t h e  Sched- 
u l e d  Lead  compensator .   These  cont ro l   c i rcu i ts   were  d iscussed  prev ious ly   as 
p a r t   o f   t h e   r e a l i z a t i o n  of t he   assoc ia ted   s igna l   c i r cu i t   e lemen ts .   Th i s   l eaves  
t h e   m o t o r   v o l t a g e   k i  I l e r  a n d   t h e   b r a k e   r e l e a s e   c i r c u i t  t o  be  discussed a t  
t h i s   t i m e .  

As men t ioned   p rev ious l y ,   t he   mo to r   vo l tage   k i  I l e r   c i r c u i t   g e n e r a t e s  a 
s i g n a l  6 which  opens  and  c loses  the  e lect ron ic   swi ' tches (FET's 84 and 85 i n  
F igure   21)   in   the   Ga in   Schedu led   and  Constan t   pos i t ion   feedback   loops .   These 
FET's  control   which  loop i s   o p e r a t i o n a l .   F i g u r e  28  shows the   schemat i c  o f  
t h e   r e a l i z a t i o n   o f   t h i s   c i r c u i t .   S i g n a l  6 i s  t h e   o u t p u t   o f  a B i s t a b l e  asym- 
m e t r i  ca I f I i p - f  l o p   w i t h   i n p u t s  A and B which  are  generated  as  descr ibed be- 
low. The f l i p - f l o p  has  two  states,  which depend on   t he   l eve l s  of A and B. 
I n   s t a t e  I, 6 i s   h i g h  ( + I  and i t  makes the  Gain  Scheduled  loop  operat ional  
wh i l e   t ak ing   t he   cons tan t   ga in   l oop   ou t   o f   t he   sys tem.   I n   s ta te  I I ,  6 i s  
low ( - 1  and i t  makes t h e   c o n s t a n t   g a i n   l o o p   o p e r a t i o n a l   w h i l e   t a k i n g   t h e  
Gain  Scheduled I oop o u t  of the   sys tem.  

The f l i p - f l o p   i n p u t s  A and B a r e   f u n c t i o n s   o f   v o l t a g e s   E 7 '  and Ei, re -  
s p e c t i v e l y .   V o l t a g e  A i s  g e n e r a t e d   i n   s e c t i o n  ( 1 )  o f   t h e   c i r c u i t  whereas 
v o l t a g e  B i s   g e n e r a t e d   i n   s e c t i o n   ( 2 )   o f   t h e   c i r c u i t .  The f l i p - f l o p   c o n s t i -  
t u t e s   s e c t i o n  ( 3 )  o f   t h e   c i r c u i t .   S e c t i o n  ( 1 )  c o n s i s t s   o f   t w o   i d e n t i c a l   r a t e  
networks  through  which E7' i s   f e d   t o   t h e  base o f   t r a n s i s t o r  Q7tA and t h e   e m i t -  
t e r   o f  9 7 1 ~ .  The purpose o f   t h e   T r a n s i s t o r s   c o n n e c t e d   a s  shown i n   t h e   f i g u r e  
i s   t o   p r o v i d e   t h e  same s i g n a l   o u t p u t  A w h e t h e r   t h e   s w i n g   i n   E 7 '   i s   p o s i t i v e  
o r   n e g a t i v e .  The parameters o f   t h e   c i r c u i t   a r e   a d j u s t e d  so t h a t   t h e   o u t p u t  
a m p l i t u d e   i s  enough t o   d r i v e   t h e   s e t   i n p u t   o f   t h e   f l i p - f l o p .   S e c t i o n   ( 2 )  
c o n s i s t s  of a vo l tage   d i v ide r   ne twork - -RDI  and R ~ 2 - - t o   w h i c h   t h e   s u p p l y   v o l t -  
age i s  connected .   Th is   ne twork   g ives   the  minimum vo l tage   amp l i t ude   requ i red  
t o   r e s e t   t h e   f l i p - f l o p .  The o u t p u t   o f   t h e   n e t w o r k  i s  s w i t c h e d   e l e c t r o n i c a l l y  
by  FET's 86 and 87.  These  FET's a r e   c o n t r o l l e d  by t h e   r a t e   v o l t a g e  Ei) i n  
such a manner t h a t   t h e r e   i s   c o n d u c t i o n   o n l y  when Ei) i s  z e r o ;   f o r  ?E6 t h e   o u t -  
p u t   i s  grounded. The o u t p u t   o f   t h e  vo I t age   d i v ide r   ne twork   f eeds   i n to   an  RC 
ne twork   w i th  a one  second  t ime  constant  so t h a t  when t h e   i n p u t   i s   a p p l i e d ,  
i t  w i l l  t a k e   f o u r   s e c o n d s   f o r   t h e   o u t p u t   t o   r e a c h   9 7 %   o f   t h e   i n p u t   l e v e l .  
Thus four   seconds  a f te r   mot ion   has   ha l ted  a r e s e t   s i g n a l   r e a c h e s   t h e   f l i p -  
f l o p .   S e c t i o n  ( 3 )  d e p i c t s  a s t a n d a r d   f l i p - f l o p  and w i l l  n o t  be  discussed. 

The o u t p u t  of t h e   f l i p - f l o p - - v o l t a g e   & - i s  shown connected t o   t h e   p - t y p e  
FET84 and t o   t h e   n - t y p e  FETg5 o f   the   Ga in   Schedu led   and  Constan t   pos i t ion  
feedback  loops t o   p e r f o r m   t h e   e l e c t r o n i c   s w i t c h i n g   d i s c u s s e d  above. 

The b r a k e   r e l e a s e   c i r c u i t   c o n t r o l s   t h e   o p e r a t i o n   o f   t h e   b r a k e   s o l e n o i d .  
E l e c t r i c a l l y ,  a deenerg ized  so leno id   causes   the   b rake  t o  be  engaged  and  an 
energ ized  so leno id   causes   the   b rake  t o  be  disengaged.  These s i t u a t i o n s  
correspond t o   f l a p   e x t e n s i o n  and r e t r a c t i o n   r e s p e c t i v e l y .  As shown i n   F i g u r e  
29, t h e  power t o   t h e   s o l e n o i d   i s   c o n t r o l l e d  by a power FET which i s  opened 
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or  c losed   by  means of  a l o g i c   c i r c u i t .  The o u t p u t  of  t h i s   c i r c u i t  depends 
on  whether  a r e t r a c t i o n  or an  ex tens ion  command t o  t h e  f I aps  has  been  given. 

The e a r l i e s t   i n d i c a t i o n  o f  t h e  commanded f l a p   m o t i o n  comes from v o l t a g e  
E3 ( s e e   F i g u r e   1 3 a ) .   T h i s   v o l t a g e   i s   f e d   i n t o   s e c t i o n  ( 1 )  o f  t h e   c i r c u i t  
th rough a ra te   ne twork .  The o u t p u t  of t h i s   n e t w o r k   i s   f e d  t o  t h e  base o f  
t r a n s i s t o r  Q3A which i s  s imp ly   f .unc t ion ing   as   an   inver te r .  The c o l l e c t o r  and 
e m i t t e r  of  t h i s   t r a n s i s t o r   a r e   c o n n e c t e d   t o   t h e   s e t   a n d   r e s e t   i n p u t   o f  a t y p i -  
c a l  S-R f l i p - f l o p .  T h e s e   i n p u t s   a r e   i n   e f f e c t   t h e   n e g a t i o n  o f  each  o ther .  
The r e s u l t a n t   f l i p - f l o p   o u t p u t   i s  f l .  A s e c o n d a r y   i n d i c a t i o n   o f   t h e   d e s i r e d  
f l a p   m t i o n  comes f r o m   t h e   o u t p u t  of  t h e   s h a f t  mounted  tachometer  voltage 
E6 s i n c e  when t h i s   v o l t a g e   i s   z e r o  i t  may i n d i c a t e   t h a t  a t r a n s i t i o n   i s   a b o u t  
t o   t a k e   p l a c e .   I n   s e c t i o n  ( 2 )  of  t h e   c i r c u i t ,   t h i s   v o l t a g e   i s   f e d  t o  t h e  
base of t r a n s i s t o r  Q3B th rough  d iode Do which i s  in t roduced t o  r a i s e   t h e   o n  
v o l t a g e  of  t h e   t r a n s i s t o r .   A g a i n   t h e   c o l l e c t o r  and e m i t t e r   t e r m i n a l s  of t h e  
t r a n s i s t o r   a r e   c o n n e c t e d   t o   t h e   s e t  and r e s e t   i n p u t s   o f  a s tandard S-R f I i p -  
f l o p   r e s p e c t i v e l y .   T h i s   f l i p - f l o p   g e n e r a t e s   v o l t a g e   f 2 .  

The requi rement  of t h e   s o l e n o i d   a c t i v a t i o n   t r a n s l a t e s   i n t o   t h e   l o g i c a l  
c o n d i t i o n   t h a t   b o t h  f l  and f 2  must  be a t  a h i g h  ( + I  l e v e l  f o r  t h e   b r a k e  FET 
t o  c o n d u c t .   T h i s   i s   a c h i e v e d   i n   s e c t i o n  ( 3 )  o f  t h e   c i r c u i t  where a s tandard  
l o g i c a l  "and"  gate  has  been shown schemat ica l l y .  The o u t p u t   o f   t h i s   g a t e  
i s   g i v e n   b y  A = f l  f 2   w h i c h   i m p l i e s   t h a t   v o l t a g e  A w i l l  be   h igh  ( + I  o n l y  
where  both f l  and f 2   a r e   h i g h .  
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CONCLUDING REMARKS 

The preceding  sect ions  have  descr ibed  the  servo  system  dev ised t o  
meet the   requ i remen ts   f o r   an   e lec t r i ca l   ac tua to r   capab le   o f   mov ing  a f u l l -  
span, F o w l e r   t y p e   w i n g   f l a p   v e r y   r a p i d l y  and v e r y   p r e c i s e l y   o v e r   l a r g e  
e x c u r s i o n s   u n d e r   a l l   f l i g h t   c o n d i t i o n s   w h i c h  a t y p i c a l   l i g h t   a i r c r a f t   m i g h t  
encounter.  A n o t a b l e   f e a t u r e   o f   t h e   d e s i g n   i s   t h e  use o f  an e l e c t r i c a l  
mo to r   w i th  a  power r a t i n g   o n l y   t w i c e   t h e  maximum power requi red.   There 
i s ,   i n   a d d i t i o n ,  a p rov i s ion   wh ich  removes e l e c t r i c a l   e x c i t a t i o n   f r o m   t h e  
motor when t h e   f l a p   p o s i t i o n   i s   s t a t i o n a r y   f o r   p e r i o d s   i n   e x c e s s   o f   f o u r  
seconds,  as  well  as a p r o v i s i o n   w h i c h   s e r v e s   t o   c o v e r   t h e   e f f e c t s   o f   s t a t i c  
f r i c t i o n  and motor n o n - l i n e a r i t i e s   a t  low e x c i t a t i o n   v o l t a g e s .  To achieve 
t h e s e   c a p a b i l i t i e s   c i r c u i t s   o f  some complexity  were  employed.  These  include 
a var iab le   lead   compensator   in   the   fo rward   loop ,   ga in -schedu led   ra te  and 
pos i t ion  feedback  loops,  a motor   load  sensor   and  var ious  log ic   c i rcu i ts .  
While it i s   n o t  suggested t h a t   t h i s   p a r t i c u l a r   d e s i g n   o f f e r s  an optimum i n  
performance t o   c o m p l e x i t y   r a t i o ,  it i s   p r e s e n t e d   i n   o r d e r   t o   d e m o n s t r a t e  
t h e   e x i s t e n c e   o f   a t   l e a s t  one p o s s i b l e  means o f   p r o v i d i n g  a l eve l   o f   ae ro -  
dynamic   sur face   response  no t   ach ieved  here to fo re   w i th   e lec t r i ca l   ac tua tors .  

The per formance  o f   the  des ign has been eva lua ted   by   cons ider ing   the  
components  as ideal,  lumped-parameter  elements,  amenable t o   l i n e a r   a n a l y s i s .  
I n   t h e  absence o f  more d e t a i l e d   k n o w l e d g e   o f   f r i c t i o n a l   b e h a v i o r ,   e t c . ,  
a  more e l a b o r a t e   a n a l y s i s   d i d   n o t   a p p e a r   t o  be j u s t i f i e d .  A dynamica l l y  and 
k i n e m a t i c a l l y   a c c u r a t e   " b o i l e r - p l a t e "  model,  however, i s  now under   cons t ruc t ion  
and should be a v a i l a b l e   t o   v e r i f y   t h e   p r e d i c t e d   p e r f o r m a n c e   i n   l a t e  1972. 
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APPENDIX I 

ACCELEROMETER DESIGN 

The design of  t h e  motor s i g n a l   c i r c u i t s   c a l l s   f o r   f e e d i n g  back a s i g n a l  
p r o p o r t i o n a l  t o  motor s h a f t   a c c e l e r a t i o n .   S i n c e   d i f f e r e n t i a t i o n s   a r e   l i k e l y  
t o  i n d u c e   n o i s e   a n d / o r   i n s t a b i l i t i e s   i n t o   f e e d b a c k   c i r c u i t s ,   s t u d i e s  of pos- 
s ib le   d i rec t -sens ing   acce le rometer   des igns   were   a lso   under taken.   Convent iona l  
angu la r   acce le romete r   des igns   a re   no t   sa t i s fac to ry   because   one   mus t   ro ta te  
the   i ns t rumen t   hous ing   t h rough  a p o s s i b l e  34 r e v o l u t i o n s   w h i l e   m a i n t a i n i n g  
n o i s e - f r e e   e l e c t r i c a l   c o n n e c t i o n s   t o   t h e   i n s t r u m e n t   i n t e r i o r .   T h i s   w o u l d  be 
d i f f i c u l t   w i t h   s l i p   r i n g s   o r   t e l e m e t r y  and c o i l i n g   l e a d   w i r e s  does no t   appear  
t o  be v e r y   p r a c t i c a l .   A l s o   t h e   r o t a t i o n a l   i n e r t i a   o f   c o n v e n t i o n a l   d e s i g n s  
i s   l a r g e r   t h a n   d e s i r a b l e .  The f o l l o w i n g   d e s i g n   a p p e a r s   t o  overcome  these 
o b j e c t i o n s .  

Any d i rec t -sens ing   angu lar   acce le rometer  measures t h e   t o r q u e  needed t o  
cause a  known i n e r t i a   t o   f o l l o w  a r o t a t i o n a l   v e l o c i t y .  The t o r q u e   i s   a p p l i e d  
by a t o r s i o n a l   s p r i n g   o f  known s p r i n g   c o n s t a n t .  By measur ing   the   d isp lace-  
ment  between t h e   i n e r t i a  and t h e   s h a f t ,  one may t h e n   c a l c u l a t e   t h e   t o r q u e  
and  hence t h e   a c c e l e r a t i o n .  

Suppose one  mounts  two  equal  diameter masses s ide-by-s ide  on a s h a f t .  
The f i r s t  mass i s   f i x e d ,   t h e  second f r e e  t o  r o t a t e .  The  second mass may be 
on a b e a r i n g   t o   r e d u c e   f r i c t i o n a l   t o r q u e .  I t  i s  connected t o  t h e   s h a f t  by 
a t o r s i o n a l   s p r i n g .  On the   c i r cumfe rence   o f   each  mass a r e  mounted  one or 
more  permanent  magnet  poles.  The  axis of  t h e  magnets   a re   a long  the   rad i i  
of t h e  masses. Oppos i te   t he  masses i n   t h e  case of the   i ns t rumen t   a re   sma l l  
p i c k u p   c o i l s .  When t h e   m o t o r   s h a f t   t u r n s ,   t h e  magnets  pass  under  these c o i l s  
and  induce a v o l t a g e   p u l s e   i n t o  them. Assume now t h a t   t h e   c o i l   o p p o s i t e  
t h e   f i x e d  mass i s  connected t o   t h e   s e t   t e r m i n a l   o f  a f l i p - f l o p  and t h e   c o i l  
o p p o s i t e   t h e   f r e e  mass 
Then t h e   p o r t i o n   o f  any 
p r o p o r t i o n a l   t o   t h e   l a g  
acce I e r a t  i on. 

I 

The sDri   nq  constan 

s connected t o   t h e   r e s e t   t e r m i n a l   o f   t h e   f l i p - f l o p .  
t i m e   i n t e r v a l   d u r i n g   w h i c h   t h e   f l i p - f l o p   i s   h i g h   i s  
between s e t  and r e s e t   s i g n a l s  and  hence t o   t h e   s h a f t  

and t h e  mass of t h e   f r e e   d i s c   a r e  so chosen t h a t  t 
for  t h e  maximum a c c e l e r a t i o n   e x p e c t e d   t h e  angu l a r   d i s p l a c e m e n t   o f   t h e   f r e e  
d i s c   r e l a t i v e   t o   t h e   f i x e d   d i s c   i s   l e s s   t h a n   a n g u l a r   d i s p l a c e m e n t   b e t w e e n  
magne t i c   po les   on   t he   f i xed   d i sc .   Thus   t he   "on "   t ime   i s   a lways   l ess   t han  
u n i t y .  

The d e v i c e   i s   p i c t u r e d   s c h e m a t i c a l l y   i n   F i g u r e  30. 
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EFFECT OF NO 

As.noted   in   Append ix  I, 
f e e d b a c k   c i r c u i t s .  One poss 

APPENDIX I][ 
SE ON SYSTEM PERFORMANCE 

a s h a f t   a c c e l e r a t i o n   s i g n a l   i s   r e q u i r e d   i n   t h e  
b l e  means o f   qenera t i nq  it i s  t o  d i f f e r e n t i a t e  ;i 

t h e   s h a f t   p o s i t i o n   i n d i c a t i o n   t w i c e .  Assuming fo r  The moment t h a t   t h i s  can 
be  done p e r f e c t l y ,   w h a t   i s   t h e   e f f e c t  of  potent iometer   no ise  .on  system  per-  
formance? The study  descr ibed  below was employed t o  answer t h i s   q u e s t i o n .  

Assume tha t   t he   po ten t i omete r   can   be   cons ide red  t o  genera te   s ine  waves 
of a r b i t r a r y   f r e q u e n c y  and amp l i t ude   as   we l l   as   i nd i ca t i ons  of s h a f t   p o s i t i o n .  
One c a n   t h e n   d e r i v e   t h e   t r a n s f e r   f u n c t i o n  of system  response t o  no ise   i npu t .  
I f   t h e   n o i s e   a m p l i t u d e  i s  taken t o  be a f i x e d   p e r c e n t a g e   o f  maximum p o t e n t i o -  
me te r   vo l tage  and i f  t h e   s y s t e m   i s   l i n e a r ,   t h e   e f f e c t s  of  n o i s e  may be  added 
t o  the  response  due t o  a  command s i g n a l   i n   o r d e r   t o   o b t a i n   t h e   t o t a l   s y s t e m  
response.  Figure 31 p resen ts   ou tpu t   sha f t   amp l i t ude   as  a f u n c t i o n  of  n o i s e  
ampl i tude and frequency. I t  w i l l  be  seen t h a t   p o t e n t i o m e t e r . n o i s e   i s   n o t  a 
serious  problem,  even i f  i t  t w i c e   d i f f e r e n t i a t e d .  No s t u d i e s   w e r e   c a r r i e d  
o u t  t o  d e t e r m i n e   t h e   e f f e c t s  of  i m p e r f e c t   d i f f e r e n t i a t i o n ,  however. 

The t y p e   o f   n o i s e  assumed h e r e   i s  ana  logous t o   t h a t   g e n e r a t e d   b y  a 
po ten t i omete r   w ipe r   s tepp ing  from w i r e   t o   w i r e .  A more  ser ious  no ise  source,  
pe rhaps , i s   i n te rm i t tan t   s igna l   d ropou t   due  t o  d i r t  on   the   po ten t iometer  
windings. The e q u i v a l e n t   s i n e  wave ampl i tude i s  then  equal  t o  h a l f   t h e  
po ten t iometer   vo l tage.  The n o i s e   a t t e n u a t i o n   c h a r a c t e r i s t i c s  of t h e   c i r c u i t ,  
however, a r e   s u c h   t h a t   t h e   o u t p u t   s h a f t   o s c i l l a t i o n   i s   w i t h i n   t h e   p o s i t i o n a l  
t o l e r a n c e   s p e c i f i e d .   N o t e   h o w e v e r   t h a t   t h i s   a n a l y s i s   c o n s i d e r s   o n l y   t h e  
e f f e c t s   o f   n o i s e   i n   t h e   p o s i t i v e   f e e d b a c k   l o o p .  I t  does n o t   c o n s i d e r   t h e  
e f f e c t s  of  t h i s   n o i s e   i n   t h e   o t h e r   l o o p s .   I n   t h e s e   l o o p s   t h e   n o i s e   i s   f e d  
back   nega t i ve l y   w i th   an   app rop r ia te   a t tenua t ion .  

One o t h e r   a s p e c t   n o t   i n c l u d e d   i n   t h i s   n o i s e   s t u d y  i s  t h e   e l e c t r i c a l  
noise  generated  by  components  subjected t o   a i r c r a f t   v i b r a t i o n s .   I n   t h e  
absence o f  a knowledge o f   t h e   s p e c i f i c  components  and t h e i r   l o c a t i o n   i n  
t h e   a i r c r a f t ,  however, it i s   n o t   f e a s i b l e  t o  develop a mean ing fu l   ana lys is .  
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APPENDIX ID 
ALTERNATE APPROACHES AND THEIR PROBLEMS 

The complex i ty  of the   des ign   d iscussed  here in   immedia te ly  seems t o  cha l lenge 
t h o s e   w i t h   l o n g   e x p e r i e n c e   i n   t h e   c o n t r o l   f i e l d  t o  f i n d  a s i m p l e r   s o l u t i o n .  
P r o b a b l y   t h e i r  f i r s t  t h o u g h t   i s  t o  consider  the  system  sketched  below: 

I K, (S +45) 

I t s  root l o c u s   w i t h   i n c r e a s i n g  K, 

I S-PLANE 

i nd 
POS 

i c a t e s   t h a t  w 
i t i o n s   o n   t h e  

- i t h  a s u f f i c i e n t l y   l a r g e   v a l u e  of K o n e   c a n   d r i v e   t h e   r o o t s  t o  
r e a l   a x i s   a t   a b o u t  -45  and -225. The   response   cha rac te r i s t i cs  
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w i t h   t h i s   l o c a t i o n   a r e   j u s t   t h o s e   d e s i r e d .  To  achieve t h i s   p o s i t i o n i n g   o f  
t h e   r o o t s ,  

S i  nce K/J v a r i e s   o n   l y  from zero  t o  168, one  can  read i I y see t h a t   v a r i a t i o n s  
i n   l o a d   h a r d l y   a f f e c t   t h e   p o s i t i o n  of  t h e   r o o t s ,   a l s o  a d e s i r a b l e   f e a t u r e .  
The r e q u i r e d   v a l u e   f o r  KK1 i s   t h e n   U 3 . 2 7 .  

The requ i   red  D.C. ga i  n o f  7.8 i s  achieved when 

7.8 

Hence, K 1  = 1/351  and K = 107. 

Wi th   these  va lues ,   the  maximum v o l t a g e   a t   t h e   a m p l i f i e r   i n p u t   i s   a b o u t  
0.27 vo l t s .   Examina t ion  of  t h e   e r r o r   t r a n s f e r   f u n c t i o n  

” E -  S2 + 24.2s + E/J 
e S2 + (24.2 + 222)’ + T(/J + 10,125 

shows t h a t  fo r  a r a p i d   i n p u t   t h e   i n i t i a l   v a l u e  of t h e   e r r o r   s i g n a l   i s   a b o u t  
equal t o  e.  Thus a  command l a r g e r   t h a n   . 2 7   v o l t s  w i  I I d r i v e  K i n t o   s a t u r a t i o n  
m o m e n t a r i l y .   I n   e f f e c t ,   t h i s   r e d u c e s   t h e   v a l u e  of K and t h e   r o o t s  move back 
a long   t he   l ocus .  The e r r o r   t r a n s f e r   f u n c t i o n   a l s o  shows t h a t   t h e  D.C. v a l u e  
o f  E/e i s acceptab I y sma I I f o r  K/J < 8A. For a I a rge  command va I ue,  say  near 
2 8   v o l t s ,   t h e   r o o t s  w i l l  be  near 0 and  -20 u n t i l   t h e   f e e d b a c k   b e g i n s   t o  
b u i l d  up.  They t h e n   l e a v e   t h e   r e a l   a x i s ,  come t o g e t h e r   a g a i n   a n d   f i n a l l y  move 
t o   t h e   d e s i r e d   l o c a t i o n s .  The response w i l l  t h e r e f o r e   b e   v e r y  slow i n i t i a l l y  
and t h e n   b e g i n   t o   o s c i l l a t e .  As t h e   m o t i o n   c o n t i n u e s   t h e   o s c i l l a t i o n   s u b s i d e s  
and t h e   s h a f t   r a p i d l y  goes t o  t h e  command p o s i t i o n .  The t i m e   r e q u i r e d   t o   r e a c h  
command p o s l t i o n  will p robab ly   be   qu i te   acceptab le  and t h e   o s c i l l a t i o n  may n o t  
p e r s i s t   l o n g  enough t o  be  troublesome. However, it r e q u i r e s  a non- l inear  
a n a l y s i s  t o  de te rm ine   t he   response   quan t i t a t i ve l y .   Th i s   requ i remen t   p resen ts  
some p rob lems   i n   mode l i ng   t he   se rvo   as   an   e lemen t   i n   an   o the rw ise   l i nea r  
c o n t r o l   s y s t e m .   T h e r e   i s   l i t t l e   v a l u e ,  however, i n   s e e k i n g   a l t e r n a t e   l i n e a r  
vers ions   o f   the   servo   because it may be r e a d i l y   d e m o n s t r a t e d   t h a t   t h e   p r e s e n t  
c o n f i g u r a t i o n  o r  s i m p l e   d e r i v a t i v e s   o f  it o p e r a t e d   i n  a l i n e a r  mode cannot 
s i m u l t a n e o u s l y   s a t i s f y   t h e   r e q u i r e m e n t s   f o r  ( 1 )  mo to r   i npu t   vo l tage   l ess   t han  
28, ( 2 )  model i n g  by a f i r s t  o r d e r   t i m e   c o n s t a n t   o f  0.02  seconds,  and ( 3 )  d.c. 
ga in   o f   7 .8 .  Hence, a d d i t i o n a l   s t u d i e s   a r e  needed t o  determine  whether 
o p e r a t i o n   i n   t h e   n o n - l i n e a r  mode, pe rhaps   w i th   an   a l t e red   con f igu ra t i on ,   wou ld  
be  advantageous. I t   i s  p r o b a b l e   t h a t  a non - l i nea r   se rvo  w i l l  be   capab le   o f  
s h o r t e r   r e s p o n s e   t i m e s   a t   t h e   c o s t  of increased  eIe: l-r icaI and  mechanical 
s t resses .  Even  though t h e  number of components i n  a non- l inear   vers ion   can  
be  expected t o  b e   s u b s t a n t i a l l y   l e s s   t h a n  for  the  adapt ive,   ga in-scheduled 
l i n e a r   v e r s i o n   d i s c u s s e d   i n   t h e   b o d y   o f   t h e   r e p o r t ,   t h e   o v e r a l l   r e l i a b i l i t y  
will probably  be  less  because of  t h e   h i g h e r   s t r e s s   l e v e l s .  
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KR2 = 3630 ' (13.0 - 0.784 Y) 0 < Y < 8.93 

- 
" 

3630 ' (13.646 - 0.856 Y )  8.93 < Y < 14.3 

- 1 .4  
" 

36 30 Y > 14.3 

I n  general  KR = - 36 30 (A - E) 
2 

KPl - 3630 
- (459 - 27.97 X.) 0 < X < 14.3 

- 
" 

3630 (139.1 - 5.6 X )  14.3 < X < 17.87 

- 
" 

36 30 (78 - 2.18 X )  x > 17.87 

I n  genera I Kp = - 36 30 ( C  - Dl 
1 

TABLE I. GAIN-SCHEDULED RATE AND 

POSITION FEEDBACK FUNCTIONS 



TABLE n. SERVO  TRANSFER  FUNCTIONS 



RES I STORS K I LOHMS RES I STORS K I LOHMS RES I STORS K I LOHMS 

RP 

RO 

R \  

R1 

R2 ’ R3 

R4 

R5 

5 .O 

1000.0 

1000.0 

2.0 

3.5 

R6 .5 

2.0 
10 .o 
2.2 
5 .O 

R15 

R16 

R17 

R18 

R7 

R1O R1l 

R12 

R8 ’ R9 

R19 
1.0 R13 50.0 (5W) R20 

R21 

Po 

2.0 R14 100.0 (2w) 

R 

1 .oo 
10.00 

.50 
1.60 

4 .OO 

.60 

2.70 

.50 

TRANSISTORS  TYPE  CAPACITORS v f  D I ODES TYPE 

Q,,Q2,93,94 

Q5 “6 

97 

99 

Q l O  

Qll 

912 

‘8 

Q13 

‘14 

2N1304 

2N1305 

2N2905 

2N5301 

2N2905 

2N5301 

TIP31 

TIP29 

2N696 

2N338 

cP 

c2 

c3 

c4  

.02 

.001 

103 
.01 

1N748 

I 6 TABLE fIL. PARAMETER VALUES FOR THE EXTENSION POWER  AMPLIFIER 
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FIGURE 1. FLAB TRACK AND ACTUATOR LAYOUT 



0 MAIN  MOTOR 

@ SPLINE CONNECTOR 

@ SOLID CONNECTOR 

@ POTENTIOMETER 

@ RIGHT  ANGLE DRIVE 

@ BACKUP SYSTEM SOLENOID 

@ TACHOMETER 

@ BALL SCREW 

@ BACKUP  MOTOR 

@ BRAKE SOLEWD 

(DASHED LINES) 

FIGURE 2. POSSIBLE L 

I1 

.AYOUT OF MECHANICAL ELEMENTS 
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FIGURE 3. DC SPLIT SERIES MOTOR 



I I I I -5 2 
I J = 1.8oz- i#~ 16 X- 322 X 144 - = 2.426 X IO ft-Ib-sec 

K = 1.375 ft-lbs/64amps = 0.02148 ft-lbs/amp 

R = 0.4375 volts/amp 

K,= 0.03345 volt - sec 

= variable 

a 

I max = 64amps 

FIGURE 4. ELECTRICAL AND INERTIAL CHARACTERISTICS 
I I 



MOTOR 

‘8 

K = 5.8/726 
RI 

KT = 7v/1000 

I 

SA4 
E9 * FRICTION ‘b POWER IO, 

COMPENSATOR  AMPLIFIER 
4 * 

I 

L 

2100 (TI JM 
T 

2 ‘M 5 +70(-)S + - 
JT JT 

K T S  

FIGURE 5. INNER RATE FEEDBACK LOOP 
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a 4 -  

3 -- 
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a = 0.034 ;j- R 
(EMPIRICAL 
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EQUATION REPRESENTING 
VARIATION ) 
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I 
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I I I I I I I 

a . 1 . 
r 

IO 20 30 40 5 0  60 7 0  80 90 100 110 120 130 140 150 160 170 

k /J 

FIGURE 6. REQUIRED  COMPENSATOR ZERO 
POSITION VARIATION WITH R/J  



ul 
0 

FIGURE 7. MOTOR WITH ADAPTIVE GAIN-SCHEDULED 
ELEMENTS 
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FIGURE 8. FLAP DEFLECTION  CAPABILITY 
E WITH SERVO SYSTEM 
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MOTOR MLTAGE 
DUE TO A STEP COMMAND 
(5.6 VOLTS ) 

TIME  (SECONDS) 

40- 

30- 

SHAFT ANGLE 
DUE TO A STEP COMMAND 20- 

10- 

0 .05 .Ib .is .io .is . io .35 

'"1 / 
I/ .05 .IO .I5 .20 .25 .30 .35 

TIME (SECONDS) 

200- 
30- 

MOTOR VOLTAGE 
DUE TO A RAMP 

v) (28 VOLTS/SECOND) 

- 
v) SHAFT ANGLE - 2 150- 

2 5  DUE TO A RAMP 

2 20-  p I 

0 2  

W 
v) z 
0 

n 100- 
2 

I-0 
LLCL 

u, E 50- 
2: 

0 .05 .IO .I5 .20 .25 .30 .35 

TIME (SECONDS) TIME (SECONDS) 

FIGURE 9. MOTOR  VOLTAGE  AND SHAFT ANGLE  RESPONSE FOR 
SYSTEM WITH ADAPTIVE, GAIN-SCHEDULED ELEMENTS 
(NO POSITIVE FEEDBACK OR INPUT COMPENSATION) 



SERVO 
MOTOR 

FIGURE IO. REDUCTION  OF BLOCK DIAGRAM OF FIGURE 
8 AND  ADDITION OF POSITIVE FEEDBACK 

ul 
w 



ul n 

FIXED 
COMPENSATOR 

(Si-45) 17.5 - E3 . OM K(S + Zll E; (S+22.5) (S+35) 

(S+F;)(S+p2)(S + P3’ 

I 

FIGURE II. REDUCTION OF BLOCK DIAGRAM OF FIGURE IO 
WITH  FIXED  INPUT COMPENSATOR 



THEORETICAL (s +50) 
KI 

K 
J 

""- - = O  

.025 .050 .075 ,100 .I25 .I50 .I75 
TIM E (SECONDS) 

,200 .225 .250 

FIGURE 12. RESPONSE  CHARACTERISTICS OF NCSU  SERVO 
FOR  VARIOUS i?/J'S VS. THEORETICAL 
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FIGURE 13a. BLOC < DIAGRAM O F  FLAPERON SERVOACTUATOR 



@ MOTOR ACTUATOR-LOAD  AND  OUTPUT  SENSORS 
PI TEN  TURN  POT. e, ;MOTOR SHAFT ANGULAR POSITION 
TI, T2 TACHOMETERS et ;SENSOR SHAFT ANGULAR POSITION 
AI ACCELEROMETER e, ;LEAD SCREW ANGULAR POSITION 

8 ,  ;FLAP DEFLECTION 
@ FIXED  GAIN  NEGATIVE RATE FEEDBACK  LOOP (FK;uRE 5.) 
@ POWER  AMPLIFIER  DRIVING  THE  MOTOR  (FIGURE 16.) 
@ GENERATION  OF  VOLTAGE  PROPORTIONAL  TO  THE  LOAD  PARAMETER 5 (FIGURE 18.) 

@ SCHEDULED LEAD COMPENSATOR (Z IS THE SCHEDULING  PARAMETER ) (FIGURE 19.) 
@ GAIN  SCHEDULED RATE (K,,S)  AND  POSITION (Kp,) NEGATIVE  FEEDBACK  LOOP 

@ RESPONSE  ENHANCEMENT POSITIVE  FEEDBACK  LOOP  (FIGURE 24.) 
@ FIXED  INPUT COMPENSATOR  (FIGURE 25.) 
@ MOTOR  VOLTAGE KILLER CONTROL  CIRCUIT  (FIGURE 28.) 
@ BRAKE RELEASE CONTROL  CIRCUIT  (FIGURE 29.) 
0 STATIC  FRICTION COMPENSATOR  (FIGURE  17.) 

(X.Y. 2 ARE  VOLTAGES  PROPORTIONAL  TO THE VALUE  OF i(/J) 

( Y AND X ARE THE  RESPECTIVE SCHEDULING  PARAMETERS)(FIGURES 20.21.) 

E, : FLAP ACTUATOR INPUT SIGNAL FOR MODE I OPERATION 
GJ : MODE I COMMAND  SHAPING  NETWORK G&)= I/s . REALIZATION IS AS  SHOWN ; 

ED : FLAP ACTUATOR  INPUT  SIGNAL  FOR  MODE II OPERATION 

G O  : MODE II COMMAND  SHAPING NETWORK. Gots) * &) K S+2.74 K = 40.2 

ITS REALIZATION IS AS  FOLLOWS: 

CI 

SA : SUMMING AMPLIFIERS 

FIGURE 13b. IDENTIFICATION  OF ELEMENTS IN FLAPERON  SERVOACTUATOR 



MODE I 

8 
e 

- =  

SHAFT  POSITION RESPONSE TRANSFER 
FUNCTION 

P; ,P2 *P3 are given in the  last  three columns of 

Table  E 

MODE I MOTOR VOLTAGE TRANSFER  FUNCTION 

1.88 I 2 2 . 3 2  I 42 

MODE I MAXIMUM  EXCITATION 

FIGURE 13c SYSTEM TRANSFER FUNCTIONS 
58 FOR MODE I EXCITATION 



MODE E SHAFT POSITION RESPONSE TRANSFER 
FUNCTION 

NOTE : quantity  in  brackets  is  transfer  function  of  signal shaping 
network used in aircraft  control  system.  Pilot input 
(represented by Mode It maximum excitation) passes first 
through  this shaping network before encountering servo 
system  terminals. 

MODE E MOTOR  VOLTAGE  TRANSFER FUNCTION 

” e m  40.2(S+2.74)  (S+Z,)(S+Z2)(S+22.5)(S+35)(S+225) - 
e 7 2 6  (S I I)(S 3 0 )  1 (S+45)(S+P, )(S+FpS+P3) 

MODE II MAXIMUM  EXCITATION 

9.33 (12.8)(S+20) 
Y ”  S(S+12.8 + 9.6 j)(S+12.8 - 9.6j) 

FIGURE I3 d . SYSTEM  TRANSFER  FUNCTIONS 
FOR MODE If EXCITATION 
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FIGURE 14. SYSTEM RESPONSE FOR A MODE I INPUT 
(a). SHAFT ANGLE 
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FIGURE 14. SYSTEM  RESPONSE FOR A MODE I INPUT 
(b). VOLTAGE 
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FIGURE 15. SYSTEM  RESPONSE FOR A MODE II INPUT 
(a). SHAFT ANGLE 
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FIGURE 15. SYSTEM  RESPONSE FOR A MODE Iz INPUT 
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r-------- I(" II-"" 1 OSCILLATOR  DRIVER POWER SWITCH 

+ 3 0 V  I I 

I- """""- ALJ 

+::. 
RO 

" I  
SA1004 E 10 

FOR ELEMENT VALUES AND CODES SEE TABLE G m. 

SMOOTHING 
CAPACITOR 
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I I X ! !  ' I ,  

i I"lg I F - - - '  BETA MULTIPLIER 
; I I 
Cd L 

SERIES VOLTAGE REGULATOR 

f 

FIGURE 16. POWER AMPLIFIER  SCHEMATIC 



OPEN  WHEN 
-9E 

I 

E, : VOLTAGE  PROPORTIONAL  TO 
THE  MOTOR  SHAFT 
ANGULAR  VELOCITY 

FIGURE 17. FRICTION  COMPENSATOR  SCHEMATIC 
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,069393 

I"- 
I .033450 

f r 

* ALL REStSTANCE VALUES IN Ma 
** SEE  FIGURE 19 FOR  SCHEMATIC OF THIS BLOCK 

,69151 - 

FIGURE 18. GENERATION OF VOLTAGES  PROPORTIONAL TO -J 
i? 



BREAKPOINTS SLOPES 

2'  

s": } SLOPES 
SI 

0 

VI  VZ v, E- b 
VI- 0 VOLTS SI =0 .2  VOLTS/VOLTS 

Vz= 12.4 VOLTS sz'O.23  VOLTS/VOLTS 
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L-""i. ""-"" 1 
2 GENERATOR 

FIGURE 19. SCHEDULED LEAD COMPENSATOR 



- 
TO INVERTING  INPUT 
OF SA20 

FIGURE 20. REALIZATION OF GAIN-SCHEDULED  RATE  FEEDBACK LOOP 



TO FETS 77,82,83 
- 

TO  NONINVERTING 
INPUT OF SA20 

- 
'FROM MOTOR  'VOLTAGE KII 

SEE  FIGURE 29 

- 
TO INVERTING 
INPUT OF SA20 

-LER' CIRCUIT 

I FIGURE 21. REALIZATION OF  GAIN-SCHEDULED  POSITION  FEEDBACK LOOP 
0 
(5\ 
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R2 

R i 

f"""" 
SA3 

R,= R, = I Ma 

FIGURE 22. SUMMING AMPLIFIER S A 2 0  



R i 1 

R o =  R i = I Ma 

FIGURE 23. SUMMING AMPLIFIER SA3 



’ING 
SA2 

c, = IOpf  

CI = lpf 
R, = 5.2 M i l  

R I = 44.44 KG 

RE = 4.83 K l l  

70 s (S +22.5) H(s)  = - 
3630 (S+225) 

FIGURE 24. REALIZATION OF THE RESPONSE 
IMPROVEMENT LOOP 



c, = 4p.f 

c, = lpf 

R, = R2 = 44.44KQ 

R, = 28.6KQ 
Rq = IMQ 
R, = 2MQ 

C W  =( s + 45 17.5 
S+ 22.5 S +  35 

I 
4 FIGURE 25. REALIZATION OF THE  FIXED  EXTERNAL 
w COMPENSATOR 



R,= R, = I.MS1 

FIGURE 26. SUMMING AMPLIFIER SA2 
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FIGURE 27. FINAL  REDUCTION  OF BLOCK DIAGRAM 
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FIGURE 28; GENERATION OF VOLTAGE  PULSE 8 
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MAGNETIC 
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FIGURE 30. SCHEMATIC  OF  MOTOR  SHAFT 
ACCELEROMETER 
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FIGURE 31. SYSTEM SHAFT ANGLE RESPONSE TO 
POTENTIOMETER SINUSOIDAL NOISE 


